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1. Introduction  
Chiral diamines play an important role as ligands in asymmetric transformations.1 
In work pioneered by Hoppe and Beak, the tetracyclic lupin alkaloid (-)-sparteine (1) has 
been shown to be an exceptional stoichiometric reagent for asymmetric deprotonation and 
substitution (Figure 1.1).2,3 Transition-metal mediated catalysis has also employed chiral 
diamines. 1,2-Diamines are the chiral backbone of Jacobsen’s epoxidation (2) and 
aziridination catalysts.4,5 More recently, the Fu laboratory has demonstrated that chiral 1,2-
diamines (3) can induce enantioselectivity in nickel-catalyzed cross-coupling reactions.6 
The bis-aziridine (4) developed by Tanner and coworkers was shown to be an effective 
ligand for a multitude of transformations, ranging from osmium tetroxide mediated 
dihydroxylation to palladium mediated allylic alkylation.7  
 
Figure 1.1 Chiral diamines used in asymmetric synthesis 
 Of particular interest to the Winkler laboratory was (-)-sparteine (1). This naturally-
occurring, tetracyclic lupin alkaloid has been known to be a powerful ligand for numerous 
asymmetric transformations.1 Seminal work from the Hoppe and Beak laboratories 
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2 
illustrated (-)-sparteine’s potential as an additive to mediate asymmetric 
deprotonation/substitution reactions as shown in Scheme 1. Hoppe and coworkers (Scheme 
1.1a) showed that treatment of 2-alkenyl carbamates (5) with stoichiometric amounts of s-
BuLi and (-)-sparteine provided configurationally-stable alkyl lithium (6, M=Li).2 At low 
temperatures, 6 was then treated with excess Ti(OiPr)4 to afford the alkyl titanium species 
(6, M=Ti) with retention of configuration. The titanium species was treated with achiral 
ketones, such as acetone, to provide tertiary alcohols, like 7, in high yield and good 
enantioselectivity.  
 
Scheme 1.1 a) Enantioselective addition to ketones, b) Asymmetric alkylation 
 
Scheme 1.2 a) Stannylation of carbamates, b) Arylation of N-Boc pyrrolidine 
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In 1993, the Beak laboratory (Scheme 1.1b) demonstrated that treatment of 
secondary amides (8) with two equivalents of s-BuLi and (-)-sparteine generated 
organolithium 9 which underwent alkylation to provide 3-substituted amides in high yields 
and good enantioselectivity.3 This enantioselective deprotonation/substitution protocol was 
further developed by Hoppe to access stannylated carbamate derivatives (Scheme 1.2a).8 
An elegant extension of this work was reported by Campos and coworkers in which the N-
Boc-pyrrolidine alkyllithium is transmetalated with ZnCl2 and subsequently cross-coupled 
to provide enantioenriched arylated pyrrolidines (Scheme 1.2b).9  
In addition to stoichiometric enantioselective deprotonation reactions, (-)-sparteine 
has also been employed catalytically in transition metal-mediated reactions. In separate 
reports, Sigman and Stoltz (Scheme 1.3a) demonstrated that palladium (II) (-)-sparteine 
complexes could be used in the kinetic resolution of secondary alcohols.10,11  In Trost’s 
pioneering work on palladium catalyzed allylic alkylation, (-)-sparteine was one of the first 
ligands employed to induce asymmetry.12 This work was further developed and optimized 
by Togni (Scheme 1.3b).13 Other transition metals have also been employed in combination 
with (-)-sparteine, with Maheswaran and coworkers (Scheme 1.3c) demonstrating that (-)-
sparteine-copper complexes efficiently catalyze nitroaldol reactions.14  
  
4 
 
Scheme 1.3 a) Kinetic resolution of 2° alcohols, b) Allylic alkylation, c) Nitroaldol reaction 
 Although the use of (-)-sparteine as an additive for asymmetric synthesis has been 
developed, certain drawbacks remain. Only one enantiomer of the natural product can be 
isolated from the scotch broom plant. This prevents easy access to both optical series of 
the desired products obtained from sparteine-mediated transformations. In an effort to 
address this issue, the Aubé laboratory reported a multistep synthesis of (+)-sparteine, 
elegantly employing an intramolecular Schmidt reaction and photo-Beckmann 
rearrangement to access the non-natural tetracyclic alkaloid.15 Although the total synthesis 
of (+)-sparteine was a powerful display of nitrogen-insertion reactions, it did not serve to 
provide a practical solution to the (+)-sparteine problem. The second limitation of (-)-
sparteine is that it has become much harder to acquire in the last decade. A recent feature 
in C&EN magazine commented on the sudden commercial lack of availability of the often 
employed natural product.16 At this time, chemical vendors sell small quantities of (-)-
Ph Ph
OAc
Na[HC(CO2CH3)2]5 mol % [Pd(allyl)((-)-sparteine)]PF6THF
Ph Ph
H3CO2C CO2CH3
77%, 75% ee
17 18
O
H
MeNO220 mol % (-)-sparteine-CuCl23 mol % NEt3, MeOH
OH
NO2
90%, 86% ee
2019
a)
b)
c)
MePh
OH
5 mol % Pd(nbd)Cl2
20 mol % (-)-sparteine
PhMe, 3Å MS, O2
MePh
OH
MePh
O
60% conversion, 99% ee
15 16
  
5 
sparteine for $100 per gram, which makes stoichiometric chemistry with (-)-sparteine a 
very expensive endeavor. 
 Different academic laboratories have reported advances towards accessible 
surrogates for (-)- and (+)-sparteine, with the O’Brien laboratory at the University of York 
being a major contributor. In their first report on this chemistry, the O’Brien Laboratory 
disclosed the synthesis of a (+)-sparteine surrogate.17 This surrogate, containing only the 
A, B, and C rings of (+)-sparteine, was synthesized in three steps from the natural product 
(-)-cytisine, and is outlined in Scheme 1.4.  
 
Scheme 1.4 First synthesis of O'Brien's (+)-sparteine surrogate 
 This tricyclic diamine 23 proved to be an equally effective ligand for sparteine-
mediated reactions, providing the opposite optical series of products that (-)-sparteine does 
in equivalent yield and enantioselectivity. This report was important because it illustrated 
that only the A, B, and C rings were necessary for inducing asymmetry in sparteine-
mediated reactions. Interestingly, Silvani and coworkers demonstrated that (-)-sparteine 
analogue 25 (Figure 1.2), which contains just the B, C, and D rings of (-)-sparteine, was 
not an effective ligand for the lithiation-substitution of N-Boc-pyrrolidine.18 The structure-
activity relationship of sparteine-like compounds was further investigated by the 
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Kozlowski group at the University of Pennsylvania.19 They reported the synthesis of 
diamine 26 (Figure 1.2), which they describe as a minimal chiral sparteine analogue, and 
conclude that the entire A ring of (-)-sparteine is essential for enantioselectivity, as 26 has 
a marked decrease in enantioselectivity for the lithiation-substitution reaction. 
 
Figure 1.2 Structure-activity relationship of different sparteine derivatives 
 Another challenge associated with (-)-sparteine is that its use in asymmetric 
deprotonations of carbamates (Scheme 1.1 and Scheme 1.2) is stoichiometric, not catalytic, 
requiring excess equivalents of the precious ligand for each transformation. The O’Brien 
laboratory published a fascinating solution to this problem, discovering a strategy for 
rendering (-)-sparteine catalytic.20 As shown in Figure 1.3, their method involved 
incorporating the more bulky diamine ligand 27. The s-BuLi-diamine complex 27-Li is too 
bulky to efficiently deprotonate N-Boc-pyrrolidine, however 27-Li can undergo a ligand 
exchange with the chiral (-)-sparteine pyrrolidine complex 13’ with retention of 
configuration. Either 13’ or 13’’ can subsequently react with electrophiles to produce chiral 
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substituted pyrrolidines. The O’Brien laboratory also showed that this catalytic system 
could be employed with their (+)-sparteine surrogate 23.  
 
Figure 1.3 Catalytic asymmetric deprotonation using (-)-sparteine 
Although the O’Brien laboratory developed the effective (+)-sparteine surrogate 23 
and rendered it catalytic, there remained challenges associated with synthesizing the ligand. 
Their process relied upon a tedious extraction from Laburnum anagyroides seeds in order 
to isolate the (-)-cytisine starting material. Additionally, this limited the chirality of 23 to 
being that of the natural product (-)-cytisine. Addressing their own shortcomings, the 
O’Brien laboratory recently reported an approach to their sparteine surrogate starting from 
the more readily available 2-picoline, and proceeded to use a classical resolution via 
diastereomeric salt formation which provided access to both 23 and ent-23.21 The most 
recent report which optimizes the synthesis of the O’Brien sparteine surrogate incorporates 
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an enzymatic resolution and affords both 23 and ent-23 on gram-scale in an eight-step 
synthesis.22   
With the usefulness of (-)-sparteine well-demonstrated, and the lack of a real 
solution to the availability problem, the Winkler laboratory was interested in developing a 
class of diamines that could be applied to sparteine-mediated reactions. It was hypothesized 
that Meerwein’s ester 30 (Scheme 1.5), easily and affordably derived from dimethyl 
malonate and paraformaldehyde as shown in Scheme 1.5, could be the entry point for a 
new class of bicyclic diamines.  
 
Scheme 1.5 Synthesis of Meerwein's ester 30 and diketone 31 
 A detailed report from Wärnmark and coworkers described a large scale synthesis 
of Meerwein’s ester, and its transformation to diketone 31 (Scheme 1.5) via global 
decarboxylation.23 Within this report, the Wärnmark laboratory also detailed an enzymatic 
resolution of diketone 31 as shown in Scheme 1.6, yielding enantiopure (>99% ee) diketone 
(+)-31 and enantioenriched (75% ee) hydroxyketone 32. The hydroxyketone 32 could 
subsequently be oxidized to diketone (-)-31 quantitatively using a Ley oxidation. Having 
access to both enantiomers of the diketone would allow for development of chiral diamines 
without the need for late-stage resolution.  
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Scheme 1.6 Resolution of diketone 31 
 It was hypothesized that a double nitrogen-insertion reaction into (+)-31 would lead 
to chiral bis-lactam 33, which could be further manipulated to access chiral diamine 34 as 
depicted in Scheme 1.7. 
 
Scheme 1.7 Synthetic strategy for accessing bicyclic diamine 34 
 Diamine 34 is different from the bicyclic B and C ring system of (-)-sparteine in 
two ways (Figure 1.4). Diamine 34 is a bicyclo[4.4.1]undecane scaffold, which is slightly 
larger than the bicyclo[3.3.1]nonane scaffold of (-)-sparteine. The second difference 
between 34 and the core of 1 is that diamine 34 is chiral, where the bicyclic core of (-)-
sparteine is achiral (as highlighted in blue in Figure 1.4). 
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Figure 1.4 Comparison of diamine 34 and the core of (-)-sparteine 1 
 Despite lacking the A ring that was essential for enantioselectivity in reactions with 
(-)-sparteine, the slightly larger nature of 34 and the chirality present in the simple bicyclic 
system warranted its synthesis and evaluation as a potential (-)-sparteine surrogate. My 
work in the Winkler laboratory over the last five years, described in the ensuing chapters, 
discusses the design and synthesis of 34 and derivatives thereof, and the application of 
these diamine systems in asymmetric synthesis.   
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2. Synthesis & Chemistry of Diazabicyclo[4.4.1]undecane Derivatives 
2.1 2,7-Diazabicyclo[4.4.1]undecane 
 With the target diamine 34 in mind, the first goal was to generate computational 
models to compare the 34-lithium complex (Figure 2.1) and the sparteine-surrogate-lithium 
complex, ent-23-Li (Figure 2.2). The O’Brien sparteine-surrogate-lithium complex ent-
23-Li was chosen as the point of reference because it has the minimum structure needed to 
induce asymmetry. It was of interest to compare the N-Li bond distances, the N-Li-N bond 
angles, and the overall shape of each structure to ensure that those of 34-Li were similar to 
those of ent-23-Li. Molecular mechanics via Chem3D was used to generate these models. 
The structure generated for 34-Li is shown in Figure 2.1, while the corresponding structure 
for ent-23-Li is shown in Figure 2.2. 
 
Figure 2.1 Optimized structure of 34-Li 
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N
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34-Li
34-Li
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Figure 2.2 Optimized structure of ent-23-Li 
 The N-Li bond lengths in 34-Li were calculated to be 1.91 Å, which is slightly 
shorter than the N-Li bond lengths in ent-23-Li of 1.97 Å. The N-Li-N bond angle for 
complex 34-Li was determined to be 97.6°, very similar to the N-Li-N bond angle of 98.4° 
calculated for ent-23-Li. In order to compare the relative space occupied around the metal 
center by each ligand, the optimized structures of 34-Li and ent-23-Li were overlaid 
(Figure 2.3). 
 
Figure 2.3 Overlay of geometry optimized structures of 34-Li (tan) and ent-23-Li (blue) 
 Upon overlaying the N-Li-N atoms, it can be seen that one of the methyl groups 
and the bicyclic core of 34 occupies a portion of the same space that the critical A ring of 
ent-23 does. Encouraged by the similarities in the N-Li bond lengths, the N-Li-N bond 
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angles, and the overall shape around the metal center between 34 and ent-23, a plan for the 
synthesis of 34 was developed.  
 Diamine 34 could be furnished from the methylation of chiral bis-secondary amine 
35.  Bis-secondary amine 35 would be synthesized by the reduction of bis-lactam 33. Bis-
lactam 33 would be prepared by a double nitrogen-insertion reaction on chiral diketone 
(+)-31. To complete this double ring expansion, the Beckmann rearrangement24 and the 
Schmidt reaction25 would be investigated. As previously mentioned, diketone (+)-31 is 
easily accessed from Meerwein’s ester 30.23   
 
Scheme 2.1 Retrosynthetic analysis of 34 
 In the synthetic sense, the first objective was to reproduce the Wärnmark synthesis 
of Meerwein’s ester 30 from dimethyl malonate and paraformaldehyde (Scheme 1.5). The 
scale of their reported procedure yielded nearly 700 g of Meerwein’s ester, so at the outset 
a reproducible scaled-down synthesis had to be executed. On a 1.7 mol scale, 
approximately 115 g of Meerwein’s ester could be collected from a single reaction setup. 
It should be noted that complete removal of the benzene en vacuo in between steps one and 
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two of the reaction is essential for the reaction to proceed efficiently. It is also worth 
highlighting the molecular complexity gained in a single reaction from commodity 
chemicals; forming a densely functionalized bicyclic system from dimethyl malonate and 
paraformaldehyde. Mechanistically, Meerwein’s ester is formed via a series of 
condensations, Michael additions, and cyclizations. The global decarboxylation of 
Meerwein’s ester in acetic acid and 6M HCl proceeded as reported to afford approximately 
25 g of diketone 31. Before committing material to the enzymatic resolution reported by 
Wärnmark, exploration of the critical double nitrogen insertion reaction was completed on 
racemic 31.23 
 The first process for double nitrogen insertion that was investigated was the 
Beckmann rearrangement. This reaction transforms oximes to the rearranged amide and is 
mediated through activation of the oxime. The bis-oxime 36 was constructed from diketone 
31 using a known procedure, and it was isolated in high yield without the need for 
chromatographic purification (Scheme 2.2).26 
 
Scheme 2.2 Bis-oxime formation and attempted Beckmann rearrangement 
 There are numerous reaction conditions employed throughout the literature to 
initiate the Beckmann rearrangement. After isolation of the bis-oxime, many of these were 
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examined. Activation of the oxime was attempted with cyanuric chloride, TsCl, Tf2O, 
MsCl, and SOCl2.24,27–29 Unfortunately, all of these conditions produced complex reaction 
mixtures. Though disappointing, this was not surprising, as one of the major competing 
pathways with rearrangement to the amide is fragmentation to the corresponding nitrile.30 
Substrates with substitution at the a-carbons of the oxime, like bis-oxime 36, are especially 
sensitive to the fragmentation pathway.24 Although never isolated, analysis of the crude 
reaction mixtures of the attempted rearrangements by IR and 13C-NMR was consistent with 
the formation of nitriles. Conditions to generate the desired bis-lactam 33 in one step from 
diketone 31 using hydroxylamine-O-sulfonic acid were also investigated, and failed to 
produce evidence of the desired product.31  
 
Scheme 2.3 Photochemical synthesis of e-caprolactam 38 
 
Scheme 2.4 Formation of bis-silyl enol ether 39 and attempted azidohydrin formation 
 A synthetic procedure from the Evans laboratory reported in Organic Syntheses 
detailed the photochemical rearrangement of 1-triisopropylsilyloxy-1-azidocyclohexane to 
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e-caprolactam 38, as shown in Scheme 2.3.32 With multiple variations of the Beckmann 
rearrangement failing to produce bis-lactam 33, this approach was undertaken. Synthesis 
of the bis-enol silyl ether 39 from diketone 31 was straightforward, proceeding in 93% 
yield (Scheme 2.4). However, bis-silyl enol ether 39 was unreactive to the azidohydrin 
formation conditions, with hydrolysis to diketone 31 being the major product after 
prolonged stirring. 
 With the photochemical nitrogen insertion reaction failing to provide the desired 
bis-lactam 33, attention was turned to the Schmidt reaction.25 As previously mentioned, the 
intramolecular Schmidt reaction was successful in Aubé’s asymmetric synthesis of (+)-
sparteine.15 The Schmidt reaction relies upon the mixing of sodium azide in the presence 
of acid, generating hydrazoic acid in situ, which subsequently adds to the ketone carbonyl. 
The resulting azidohydrin rearranges similarly to the Beckmann rearrangement to afford 
the amide functionality. It should be noted that hydrazoic acid is known to be toxic and 
explosive, and extreme caution should be taken to avoid concentrating hydrazoic acid 
under reduced pressure.  
 The most common protocol for the Schmidt reaction involves sodium azide, 
sulfuric acid, and chloroform.25 Although effective for many substrates, the mixing of 
sodium azide and chloroform allows for the potential synthesis of the highly unstable and 
explosive triazomethane. In light of this, Moreno-Mañas and coworkers reported using 
methanesulfonic acid and dimethoxyethane as an alternative system for Schmidt 
reactions.33 Gratifyingly, subjecting diketone 31 to the Schmidt reaction conditions 
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developed by Moreno-Mañas afforded the desired double nitrogen insertion reaction as a 
1:1 mixture of regioisomers in 55% yield. Unfortunately, the heterogeneous nature of this 
reaction prevented effective scaling up of this procedure. Though still heterogeneous, the 
classical Schmidt reaction conditions using sulfuric acid, chloroform, and an overhead 
mechanical stirrer provided bis-lactams 33 and 41 as a 1.5:1 mixture of regioisomers 
(Scheme 2.5). This procedure was effectively scaled to 5 g scale, providing the bis-lactams 
in 88% yield. Extreme caution should be taken during the work-up of this reaction so that 
no hydrazoic acid remains in the organic layer before concentration under reduced 
pressure.  
 
Scheme 2.5 Double Schmidt reaction to provide bis-lactams 33 and 41 
  Despite extensive effort, bis-lactams 33 and 41 could not be effectively separated, 
which necessitated further functionalization of this mixture for purification. Treatment of 
the mixture of bis-lactams with Boc2O and DMAP in acetonitrile under reflux yielded the 
bis-Boc-protected bis-lactams 42 and 43, which were readily separable using flash 
chromatography.  
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Scheme 2.6 Protection and separation of bis-lactams 33 and 41 
 Although the Boc-protection provided a means to separate the regioisomers, having 
to chromatograph and subsequently deprotect the desired bis-lactam 33 made this strategy 
less attractive. In order to streamline the synthetic route, separation by precipitation, 
trituration, or recrystallization was preferred. Fortuitously, upon thionation of the mixture 
of bis-lactams 33 and 41, the bis-thiolactam products 44 and 45 had differential solubility 
in the reaction media (Scheme 2.7). The desired bis-thiolactam 44 precipitated from 
tetrahydrofuran during the course of the reaction. Upon completion, the reaction mixture 
could be filtered and subsequently triturated with hot methanol to isolate the desired bis-
thiolactam 44 (>10:1 rr).  
 
Scheme 2.7 Thionation and separation of bis-lactams 33 and 41 
 With purified bis-thiolactam 44 in hand, all that remained to access the desired 
diamine 34 (Scheme 2.1) was reduction and methylation. Upon treatment of bis-thiolactam 
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44 with lithium aluminum hydride in tetrahydrofuran under reflux, an unexpected product 
was produced. The material was unsymmetrical by 1H and 13C NMR, but had the same 
number of protons and carbons as the desired diamine 35. HRMS analysis revealed that 
the new product also had the same molecular weight as the desired diamine 35. The product 
of the reduction was subsequently treated with 3,5-dinitrobenzoyl chloride, so that a crystal 
could be grown of the derived 3,5-dinitrobenzamide. Slow evaporation of the benzamide 
product yielded a single crystal suitable for X-ray analysis, and the structure was 
determined to be that of amide 47 (Scheme 2.8). 
 
Scheme 2.8 LiAlH4 mediated rearrangement of bis-thiolactam 44 
 
Figure 2.4 ORTEP drawing of 47 
This rearrangement is believed to proceed through the mechanism depicted in 
Scheme 2.9. One thioamide functionality of the bis-thiolactam 44 is reduced to the amine. 
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to result in aminal 49. The aminal subsequently opens, and the resultant iminium ion 50 is 
reduced to provide 46.  
 
Scheme 2.9 Mechanism of LiAlH4 rearrangement 
 Though this rearrangement is interesting and provides facile access to a bicyclic 
[5.3.0] fused scaffold, it was not further explored as the goal of the project was to 
synthesize diamine 34 and explore its potential as a sparteine surrogate. With this in mind, 
efforts to successfully reduce bis-thiolactam 44 to diamine 35 were resumed.  
 Treatment of bis-thiolactam 44 with Raney nickel provided a mixture of the desired 
secondary diamine 35 and the rearranged product 46 in low yield. It was not until changing 
the nature of the reducing agent to the more electrophilic DIBAL-H that successful 
reduction of 44 to 35 was accomplished. This allowed for isolation of the desired secondary 
diamine 35 in quantitative yield. Methylation via the Eschweiler-Clarke protocol 
ultimately afforded diamine 34, again in quantitative yield (Scheme 2.10).  
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Scheme 2.10 Completion of the synthesis of racemic diamine 34 
 With the route for diamine 34 in place, applying the synthesis utilizing chiral 
diketone (+)-31 was undertaken. While running the Baker’s yeast resolution described by 
Wärnmark, it was realized that the process was exceedingly time-intensive and tedious. 
Instead, resolution via diastereomeric salt formation using a chiral acid available in both 
optical series was explored.  
 In order to efficiently evaluate diastereomeric salt formation conditions, the 
UPenn/Merck High-Throughput Experimentation (HTE) Center was utilized. Within the 
HTE Center, reactions can be set up in 1-mL vials within a 24- or 96-well plate. The HTE 
Center uses a series of gloveboxes and multichannel pipettes to make the construction of 
the plates easy and straightforward. It was particularly challenging to develop a screen for 
the resolution of diamine 35 due to the lack of a chromophore within the molecule. This 
prevented easy analysis by chiral HPLC or SFC. To streamline this process, the screen was 
used as a preliminary assay to identify which combinations of solvent and chiral acid 
produced precipitates.  
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 Acetone MeCN iPrOH EtOH EtOAc THF PhMe 
(-)-DBTA        
(-)-DTTA        
(+)-CSA        
(-)-malic acid           
(-)-tartaric acid        
Figure 2.5 Screen for diastereomeric salt formation 
Five different chiral acids and seven different solvents were used in this screen, and 
the results are displayed in Figure 2.5. The green units represent reactions in which a 
precipitate was observed, the yellow units represent reactions in which the acid was 
insoluble in the stated solvent, and the red units represent reactions in which there was no 
precipitate. As can be seen in Figure 2.5, tartaric acid derivatives di-toluoyl tartaric acid 
(DTTA) and di-benzoyl tartaric acid (DBTA) provided precipitates across numerous 
reaction solvents.  
In order to accurately evaluate the selectivity in these diastereomeric salt 
formations, a method had to be developed so that chiral HPLC or SFC could be utilized. 
The Jacobsen laboratory experienced a similar problem in their resolution of trans-1,2-
diamino-cyclohexane, which is used as the core of their salen catalyst systems.4 They 
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reported a quick and easy method for the installation of a chromophore onto trans-1,2-
diamino-cyclohexane.34 Their approach involved the acylation of their diamine with m-
toluoyl chloride in a test tube, and injecting the reaction mixture directly into the chiral 
HPLC.  
 
Scheme 2.11 Acylation of diamine 35 
In an effort to mirror the Jacobsen ee determination method, the racemic diamine 
35 was acylated with benzoyl chloride to afford the racemic bis-benzamide 51 (Scheme 
2.11). Upon isolation of pure bis-benzamide, chiral SFC method development produced a 
trace in which the enantiomers were separated with baseline resolution.  
With the racemic standard in hand, analysis of the diastereomeric salt formations 
were completed. Small amounts of the precipitates from the resolutions were subjected to 
the Jacobsen protocol, and the combination of (-)-DTTA in methanol proved to be the most 
selective and highest yielding diastereomeric salt formation, producing (-)-35 in 28% yield 
and 95% ee in a single resolution (Scheme 2.12). This resolution could be reproduced 
effectively on up to 5 g scale. It should be noted that (+)-DTTA affords (-)-35 (not shown) 
with the same efficiency. 
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Scheme 2.12 Resolution of diamine 35 
 Having effectively resolved diamine (-)-35, the synthetic sequence to access the 
desired diamine target (+)-34 was complete. The overall sequence starting from known 
diketone 31 is shown in Scheme 2.13. 
 
Scheme 2.13 Overall synthesis of (+)-34 
 It is worth noting that diamine (+)-34 was synthesized in five steps from known 
diketone 31 (six steps from commercial materials) and without any chromatographic 
purifications. Each of the reactions were performed on multi-gram scale; however, the 
Schmidt reaction was limited to 5 g scale as a safety precaution. This allowed for gram-
quantities of (+)-34 to be accessed. 
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 Before using (+)-34 as a ligand for asymmetric synthesis, it was of interest to obtain 
a crystal structure of the diamine bound to a metal. Given the water- and air-sensitivity of 
organolithiums, the ligating ability of (+)-34 was first studied using palladium. 
Gratifyingly, upon mixing of diamine (+)-34 and palladium (II) chloride in acetonitrile, 
complexation to palladium was observed. This was verified by 1H and 13C NMR, and a 
single crystal suitable for X-ray analysis was grown from the slow evaporation of a solution 
of 52 in chloroform. The synthesis and ORTEP drawing of diamine-palladium complex 52 
is shown in Scheme 2.14.  
 
Scheme 2.14 Complexation of diamine (+)-34 with PdCl2 
 The Pd-N bond distances in complex 52 are 2.12 Å. The N-Pd-N bond angle is 
88.5°. The Pd-N bond length in (-)-sparteine-PdCl2 is also 2.12 Å, while the corresponding 
N-Pd-N bond angle is 87.5°.35 It was encouraging to see that diamine (+)-34 bound PdCl2 
in a similar fashion to sparteine.  
 Having shown that (+)-34 had the capacity to bind metal, its utility as a sparteine 
surrogate was ready to be examined. In order to test this, three reactions were chosen: the 
Hoppe/Beak lithiation-substitution of carbamates, the rearrangement of cyclooctene oxide, 
N
N
Pd
Cl Cl
PdCl2MeCN
N
N
(+)-34 52
quant.
  
26 
and the Sigman/Stoltz oxidative kinetic resolution of secondary alcohols. These reactions 
and their results with both diamine (+)-34 and (-)-sparteine 1 are shown in Scheme 2.15. 
The results for the (-)-sparteine-mediated reaction are those from my own hands, not those 
reported in the literature. Additionally, in the deprotonation-stannylation and the kinetic 
resolution using (+)-34, crude reaction mixtures were analyzed to determine the 
enantioselectivity. 
 
Scheme 2.15 Evaluation of (+)-34 as a sparteine surrogate 
 In the deprotonation-stannylation of carbamate 11, (-)-sparteine provides 
organostannane in 68% yield and 84% ee. Disappointingly, in the test reaction with 
diamine (+)-34, essentially racemic organostannane was produced.  
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 The cyclooctene oxide rearrangement proceeds via a transannular carbene C-H 
insertion to provide the cis-fused bicyclic alcohol 54.36 The alcohol 54 had to be derivatized 
with a chromophore so that the enantioselectivity of the rearrangement could be assessed. 
When the rearrangement was mediated by (-)-sparteine, the bicyclic alcohol was 
synthesized in 75% yield, and upon derivatization to ester 55, the rearrangement was 
determined to proceed in 74% ee. When the rearrangement was mediated by (+)-34, the 
rearrangement product was produced in quantitative yield, but with no observable 
enantioselectivity.  
 The oxidative kinetic resolution of alcohol 15 proceeded with high 
enantioselectivity using (-)-sparteine. However, (+)-34 was not an effective ligand for this 
resolution, returning racemic alcohol 15.  
 Although this set of reactions confirmed that (+)-34 was not an effective sparteine 
surrogate, this was not entirely discouraging. As previously discussed, the A ring of (-)-
sparteine is essential for its activity in inducing enantioselectivity. It was hypothesized that 
the slightly larger nature of (+)-34 might compensate for a portion of the space that the A 
ring of sparteine occupies. This set of experiments demonstrated that this was not the case, 
and that perhaps annulation of a third ring onto (+)-34 could transform this ligand into a 
competent (-)-sparteine surrogate.  
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2.2 Annulated 2,7-diazabicyclo[4.4.1]undecane 
The proposed tricyclic diamine 56 is shown in Figure 2.6. To get a sense of how an 
annulated version of (+)-34 would occupy three-dimensional space around a metal center, 
a similar model was generated for the tricyclic diamine 56 as was done for (+)-34. The 
geometry optimized structure from Chem3D is shown below in Figure 2.7.  
 
Figure 2.6 Proposed tricyclic diamine 56 compared to O’Brien surrogate ent-23 
 
Figure 2.7 Geometry optimized structure of 56-Li 
The N-Li bond lengths in 56-Li were calculated to be 2.00 Å, which is similar to the 
N-Li bond lengths in ent-23-Li (Figure 2.2) of 1.97 Å. Interestingly, the N-Li-N bond angle 
for complex 56-Li was determined to be 108.4°, much larger than the N-Li-N bond angle 
of 98.4° calculated for ent-23-Li. To compare the relative space occupied around the metal 
center by each ligand, the optimized structures of 56-Li and ent-23-Li were overlaid 
(Figure 2.8). 
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Figure 2.8 Overlay of geometry optimized structures of 56-Li (tan) and ent-23-Li (blue) 
 When 56-Li is overlaid on ent-23-Li, it is apparent that the appended ring of 
diamine 56 occupies the same space around the metal center as the A ring of ent-23. This 
is critical as the A ring of ent-23 is essential for asymmetric induction. Encouraged by the 
potential of diamine 56 to become a sparteine surrogate, a retrosynthetic plan was drafted.  
 
Scheme 2.16 Retrosynthetic analysis for diamine 56 
 The retrosynthetic analysis for diamine 56 is displayed in Scheme 2.16. Diamine 
56 would be accessed from piperidone 57 through the sequential reduction, deprotection, 
and methylation of piperidone 57. By taking advantage of the gold catalysis developed by 
the Zhang laboratory, piperidone 57 could be synthesized from alkynyl diamine 58.37 The 
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alkynyl diamine 58 would be produced from the alkylation of mono-protected diamine 59. 
Finally, the mono-protected diamine 59 could be derived from the already reported 
enantioenriched secondary diamine (-)-35. 
 In the forward sense, the first objective was to efficiently synthesize the mono-Boc-
protected diamine 59. This was expected to be a challenge, because the selective mono-
protection of symmetrical diamines is known to be difficult.38 These reactions generally 
result in statistical mixtures of unprotected, mono-protected, and bis-protected material. As 
expected, when diamine (-)-35 was subjected to protection conditions with one equivalent 
of Boc2O, the previously mentioned statistical mixture was obtained. An interesting report 
from the Ha laboratory details the mono-Boc protection of diamines by utilizing one 
equivalent of acid to mask one of the amines as the ammonium salt, this allows for the 
protection of the other free amine (Scheme 2.17).38 Unfortunately, this protocol did not 
work effectively for diamine (-)-35.  
 
Scheme 2.17 Mono-Boc protection of diamines 
 With the selective mono-Boc protection proving to be as challenging as expected, 
a different strategy was needed to access 59. Accordingly, a bis-Boc protection, mono-Boc 
deprotection sequence was evaluated. The bis-Boc protection was straightforward, 
producing bis-Boc diamine 63 in quantitative yield. Careful TLC monitoring of the Boc-
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deprotection reaction allowed for isolation of mono-Boc protected diamine 59 without 
significant quantities of the free diamine (-)-35 being generated. Additionally, the 
unreacted bis-Boc diamine 63 could efficiently be separated and resubmitted to the reaction 
conditions. This sequence is illustrated in Scheme 2.18. 
 
Scheme 2.18 Bis-Boc protection, mono-Boc deprotection sequence 
Having successfully developed a protocol for the reproducible synthesis and 
isolation of mono-Boc diamine 59, attention was turned to the alkylation and key gold 
cyclization reactions. Zhang and coworkers detailed a synthetic procedure for the effective 
alkylation of secondary amines with 3-butynyl tosylate and catalytic sodium iodide.37 This 
procedure was effectively applied to mono-Boc diamine 59 and provided the alkynylated 
amine in 89% yield. Gratifyingly, when subjected to the gold cyclization conditions 
reported by Zhang, the annulation proceeded to afford the separable tricyclic diastereomers 
57 and 67 in 84% combined yield (Scheme 2.20). 
 
Scheme 2.19 Alkylation of mono-Boc diamine 59 
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Scheme 2.20 Application and mechanism of the key gold cyclization of alkynyl amine 58 
 The Houk laboratory reported computational studies on the mechanism of this 
transformation, which is illustrated in Scheme 2.20.39 They concluded that isoxazolidine 
65 undergoes a hetero-retro-ene reaction (as depicted by the red arrows), to generate an 
alkyl gold species that adds back into the iminium, formally annulating substrate 58. The 
diastereoselectivity in this reaction can be rationalized by considering nucleophilic addition 
to the iminium ion. The major diastereomer results from the addition occurring on the 
convex face of bicyclic system 66. Unfortunately, this selectivity resulted in the desired 
piperidone 57 being the minor product of this reaction. Nevertheless, the efficiency of the 
annulation and the ability to cleanly separate diastereomers 57 and 67 allowed for efforts 
to complete the synthesis of desired tricyclic diamine 56 to commence. The analogous 
tricyclic system derived from 67 would also be constructed. 
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 The endgame of this synthesis, transforming piperidone 57 to the saturated tricyclic 
diamine 56, required reduction of the diketone, removal of the Boc group, and methylation 
of the resultant secondary amine. The order of these reactions had to be chosen carefully 
so as to maximize the throughput of material. If the Eschweiler-Clarke methylation was 
attempted before the reduction of the ketone, a messy reaction profile was observed. In 
light of this, the Wolff-Kishner reduction was the first reaction of this sequence. The 
notoriously harsh conditions of the Wolff-Kishner reduction (KOH, 170°C) led to some 
Boc-deprotection along with complete reduction of the ketone. For this reason, the crude 
material from the Wolff-Kishner reaction was subjected to Boc-deprotection conditions. 
This allowed for isolation of the saturated secondary amine without the need for further 
purification. The secondary amine could then be methylated using the Eschweiler-Clarke 
protocol without any complications. This sequence is outlined in Scheme 2.21 for diamine 
57 and in Scheme 2.22 for diamine 67.  
 
Scheme 2.21 Completion of tricyclic diamine (-)-56 
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Scheme 2.22 Completion of tricyclic diamine (+)-70 
 Just as in the case of diamine (+)-34, it was of interest to obtain a crystal structure 
of diamines (-)-56 and (+)-70 complexed to metal. Having already had success ligating (+)-
34 to PdCl2, the same complexation was undertaken with diamines (-)-56 and (+)-70. 
Single crystals suitable for X-ray analysis were grown for each of these complexes 
(Scheme 2.23 and Scheme 2.24). 
 
Scheme 2.23 Complexation of diamine (-)-56 with PdCl2 and ORTEP drawing of 71 
The Pd-N bond distances in complex 71 are 2.13 Å. The N-Pd-N bond angle is 
89.5°. The Pd-N bond length in (-)-sparteine-PdCl2 is 2.12 Å, while the corresponding N-
Pd-N bond angle is 87.5°.35 
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Scheme 2.24 Complexation of diamine (+)-70 with PdCl2 and ORTEP drawing of 72 
The Pd-N bond distances in complex 72 are 2.12 Å. The N-Pd-N bond angle is 
89.1°. Table 2.1 displays the Pd-N bond distances and N-Pd-N bond angles for 1-PdCl2, 
52, 71, and 72.  
 
Complex Pd-N Distance (Å) N-Pd-N Angle (°) 
1-PdCl2 2.12 87.5 
52 2.12 88.5 
71 2.13 89.5 
72 2.12 89.1 
Table 2.1 Pd-N distances and N-Pd-N angles for 1, 52, 71, and 72 
Having demonstrated that diamines (-)-56 and (+)-70 could successfully bind a 
metal, their potential as sparteine surrogates was evaluated. The same three reactions tested 
on diamine (+)-34 were tested on diamines (-)-56 and (+)-70. The first reaction investigated 
was the deprotonation-substitution reaction of carbamate 11. The results of the reactions 
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with (-)-56 and (+)-70 are shown in Scheme 2.25. Much like diamine (+)-34, the tricyclic 
diamines (-)-56 and (+)-70 did not display high levels of asymmetric induction in this 
process. However, diamine (+)-70 showed higher levels of enantioselectivity than diamine 
(-)-56. Interestingly, the stannylation proceeded with the opposite enantioselectivity of (-)-
sparteine using diamines (-)-56 and (+)-70.  
 
Scheme 2.25 Deprotonation-stannylation with diamines (-)-56 and (+)-70 
 In the cyclooctene oxide rearrangement, the results of the reactions with diamines 
(-)-56 and (+)-70 mirrored the results of the reaction with diamine (+)-34. The 
rearrangement proceeded with high yield, but with no enantioselectivity (Scheme 2.26). 
 
Scheme 2.26 Cyclooctene oxide rearrangement with diamines (-)-56 and (+)-70 
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 Lastly, the application of these tricyclic ligands (-)-56 and (+)-70 in the kinetic 
resolution of secondary alcohols also produced no enantioselectivity (Scheme 2.27). 
 
Scheme 2.27 Oxidative resolution with diamines (-)-56 and (+)-70 
 After the generation of a second family of unsuccessful sparteine surrogates, we 
sought to understand why these systems were not inducing asymmetry as hypothesized. 
When considering a lack of enantioselectivity in a chiral ligand-metal complex mediated 
reaction, one of two possibilities is responsible for the absence of asymmetric induction. 
The first is that the chiral ligand is not binding the metal center where the chemistry is 
occurring. This possibility appeared to be unlikely, as it was shown that diamines (+)-34, 
(-)-56, and (+)-70 all capably formed complexes with palladium (II) chloride. The second 
possibility is that the three-dimensional space taken up around the metal center by the 
ligand is not imparting chiral information to the substrate during the reaction.  
In the case of (-)-sparteine, it is known that the A ring is necessary for asymmetric 
induction. The lack of an A ring is believed to be the reason that bicyclic diamine (+)-34 
was a poor sparteine surrogate. However, it was believed that annulation of bicyclic 
diamine (-)-35 (i.e., incorporating an A ring) would resolve this issue. As shown in the 
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three reactions above, it is clear that this annulation did not improve the ligand system. 
Upon reconsideration of the crystal structures of complexes 71 and 72, an important 
observation was made. 
 
Figure 2.9 Comparison of 71, 72, and 1-PdCl2 
A concerning feature upon examination of the crystal structures of 71 and 72 in 
comparison to the (-)-sparteine-PdCl2 complex, 1-PdCl2, is the orientation of the A-ring 
(highlighted in blue, Figure 2.9). The A ring of (-)-sparteine 1 is essential because its 
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orientation is such that it is close to the metal center.40 In the crystal structures of 71 and 
72, it is clear that the A ring does not have the same orientation that is present in 1-PdCl2. 
Upon close observation of the crystal structure of 71, it can be seen that the A ring 
crystallized in the boat conformation instead of the chair conformation. This 
conformational change orients the A ring in 71 almost in plane with the [4.4.1] bicyclic 
core, reducing its impact as a chiral control element. It should be noted that this was 
expected for complex 72 as the methine stereochemistry posits the A ring into a similar 
orientation as the D ring of (-)-sparteine in 1-PdCl2 (highlighted in Figure 2.10).  
 
Figure 2.10 Comparison of complex 72 and 1-PdCl2 
 To address the shortcomings of diamines (-)-56 and 70, a third generation diamine, 
one that unambiguously takes up the same space as the A ring of (-)-sparteine, needed to 
be designed and synthesized. 
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2.3 3,8-Diazabicyclo[4.4.1]undecane 
The design for the third-generation ligand, bicyclic diamine 73, can be seen in Figure 
2.11. In diamine 73 the nitrogen atoms are now located one atom further away from the 
bridge of the bicyclic system. Another structural feature of diamine 73 is the geminal 
dimethyl group adjacent to the tertiary amine. The geminal dimethyl groups were 
incorporated to direct the regioselectivity of the nitrogen insertion reaction in the synthetic 
scheme. The geometry optimized structure using molecular mechanics in Chem3D is 
presented in Figure 2.12.  
 
Figure 2.11 Proposed bicyclic diamine 73 
 
Figure 2.12 Geometry optimized structure of 73-Li 
The N-Li bond lengths in 73-Li were calculated to be 1.91 Å, which is shorter than 
the N-Li bond lengths in ent-23-Li (Figure 2.2) of 1.97 Å. The N-Li-N bond angle for 
complex 73-Li was determined to be 107.7°, much larger than the N-Li-N bond angle of 
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98.4° calculated for ent-23-Li. The rational for the design of diamine 73 is most clearly 
understood when examining the overlaid structures of 73-Li and ent-23-Li (Figure 2.13). 
 
Figure 2.13 Different orientations of the overlay of geometry optimized structures of 73-Li (tan) and ent-
23-Li (blue) 
 As can be seen in Figure 2.13, the geminal methyl groups and the nitrogen methyl 
group align well with the A ring of ent-23-Li. These methyl groups, unlike the A rings of 
diamines 56 and 70, are not flexible and therefore the model of 73-Li should more 
accurately represent the actual structure of a metal complex with diamine 73.  
 A retrosynthetic analysis for diamine 73 was developed, which is outlined in 
Scheme 2.28. The key difference between diamine 73 and the other diamines synthesized 
thus far is the placement of the nitrogen relative to the bridge of the bicyclic system. In 
order to access this synthetically, the regioselectivity of the nitrogen insertion reaction had 
to be reversed. The rules for regioselectivity in ring expansion reactions like the Baeyer-
Villiger oxidation and the Schmidt reaction generally follow the trend that the larger group 
undergoes the migration.25 With this in mind, it was necessary to increase the steric bulk 
on the methylene a-carbons of diketone 31. Accessing the tetra-methylated diketone 76 
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should make the nitrogen insertion reaction selectively produce bis-lactam 75. The 
subsequent reduction, resolution, and methylation of bis-lactam 75 would lead to the 
synthesis of third generation ligand 73.     
 
Scheme 2.28 Retrosynthetic analysis for diamine 73 
 In the synthetic sense, tetra-methylated diketone 76 was accessed via a known 
procedure from diketone 31.41 Given the challenges associated with the nitrogen insertion 
reaction on diketone 31, the Schmidt reaction on the new substrate, diketone 76, was 
approached while cognizant of the possibility of fragmentation. Indeed, whereas diketone 
31 smoothly afforded the rearranged product, tetra-methylated diketone 76 proceeded to 
give a complex reaction profile under Schmidt reaction conditions (Scheme 2.29).  
 
Scheme 2.29 Attempted Schmidt reaction on diketone 76 
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 With the Schmidt reaction unsuccessful, attention was turned to utilizing the 
Beckmann rearrangement to access the desired bis-lactam 75. Formation of the bis-oxime 
77 was straightforward as shown in Scheme 2.30. 
 
Scheme 2.30 Synthesis of bis-lactam 75 
 With the bis-oxime 77 in hand, conditions for the Beckmann rearrangement to 
produce bis-lactam 75 were explored. Fortunately, the bis-lactam 75 could be synthesized 
via the intermediacy of the corresponding bis-mesylate (Scheme 2.30). This rearrangement 
proceeded with exquisite regioselectivity, producing bis-lactam 75 as the only product in 
the reaction. Additionally, pure bis-lactam 75 could be isolated without chromatographic 
purification, as trituration with hexanes precipitated the product as a white solid.  
 Having encountered an interesting rearrangement pathway while employing 
lithium aluminum hydride during the reduction of bis-thiolactam 44 (Scheme 2.8), that 
reagent was avoided for the reduction of bis-lactam 75. Instead, DIBAL-H was utilized to 
reduce the bis-lactam 75 in near quantitative yield to racemic secondary diamine 74 
(Scheme 2.31). Unfortunately, the resolution conditions employed for diastereomeric salt 
formation of diamine 35 (Scheme 2.12) failed to produce a precipitate when applied to 
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diamine 74. Incorporation of diethyl ether as cosolvent allowed for isolation of the DTTA 
salt in low recovery but high enantiopurity. 
 
Scheme 2.31 Reduction and resolution to access diamine (+)-74 
 Due to the bottleneck of the resolution, racemic diamine 74 was methylated so that 
the metal complexation could be evaluated on a reasonable scale. Unfortunately, bis-
tertiary diamine 73 could not effectively ligate palladium (II) chloride, unlike the other 
diamines synthesized thus far. The inability of diamine 73 to efficiently bind metal is likely 
due to the increased steric bulk around the nitrogen atoms imparted by the geminal 
dimethyl groups.  
 
Scheme 2.32 Methylation and attempted metal complexation using diamine 73 
 With metal complexation particularly difficult for diamine 73, and diastereomeric 
salt formation a bottleneck to getting sufficient quantities of chiral material, diamine 73 
was not fully evaluated as a potential sparteine surrogate. Instead, attention was directed 
DIBAL-H
CH2Cl2
HN
NH
(+)-DTTA
MeOH, Et2O
HN
NH
O
O
75
96%
74
15%, 96% ee HN
NH
(+)-74
HN
NH
N
N
37% aq. CH2OHCO2H
79%
78
N
N
Pd
Cl Cl
PdCl2MeCN
7374
  
45 
towards understanding how the first-generation bicyclic diamine 34 (Scheme 2.10) 
interacts with organolithium species. 
2.4 Lithium complexation studies of 34 
One of the most common applications of (-)-sparteine is in the generation of chiral 
carbanions when complexed to organolithiums.42 Because of the power of this chemistry, 
as displayed in the asymmetric deprotonation-substitution of carbamates, the role of the 
aggregates that different organolithiums form when complexed to (-)-sparteine has been 
extensively studied in the solid state and in solution.43 In the solid state, organolithiums are 
known to form dimers so that the strongly polarized R-Li dipoles can be cancelled out.44 
Additionally, the lithium atoms in these structures are generally bound to three or four 
ligands, be it solvent molecules, the organic unit of the organolithium, or external additives 
(like HMPA or (-)-sparteine).43 
In a specific example, the smallest organolithium, methyllithium, exists as a cubic 
tetramer 79, with each lithium atom bound to three methyl units (Figure 2.14). The fourth 
ligation spot on these lithium atoms is often occupied by a solvent molecule, or by 
interaction with the C-H bonds of a neighboring cubic cluster.45  
 
Figure 2.14 The cubic structure of methyllithium 
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 These tetrameric cubic aggregates are usually broken down when an external 
chelating ligand is added. Some of the examples in which the chelating ligand is (-)-
sparteine 1 or O’Brien’s (+)-sparteine surrogate 23 are shown below. For example, 
Strohmann and coworkers studied the solid-state structures of (-)-sparteine 1 with n-BuLi 
and i-PrLi. Both of these complexes exist as dimers, with the (-)-sparteine-n-BuLi complex 
80 making a homodimer while the (-)-sparteine-i-PrLi complex 81 generates a heterodimer 
complex. The structures of these complexes are shown in Figure 2.15. In complex 81, the 
bulkier i-PrLi precludes homodimer formation, leaving one of the lithiums of the i-PrLi 
dimer to be coordinated to a solvent molecule. The complex 81 was studied using 6Li NMR 
by the Beak laboratory ten years before the crystal structure was reported.46 Similar 6Li 
NMR studies were completed using O’Brien’s (+)-sparteine surrogate and i-PrLi.47 
 
Figure 2.15 n-BuLi and i-PrLi complexes with (-)-sparteine 1 
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 In a similar manner to its complex with n-BuLi, (-)-sparteine binds methyllithium 
as shown in homodimer complex 82 (Figure 2.16). Unsurprisingly, O’Brien’s (+)-sparteine 
surrogate also ligates methyllithium as a homodimer, as seen in complex 83.48 
 
Figure 2.16 Methyllithium complexes of (-)-sparteine 1 and the (+)-sparteine surrogate 23 
 Another aggregate that organolithiums are capable of forming are ladder-like 
structures. The Håkansson laboratory isolated the (-)-sparteine-phenyllithium ladder-like 
complex 84 in 2003, as shown in Figure 2.17.49 
 
Figure 2.17 Ladder-like (-)-sparteine-phenyllithium complex 84 
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 As illustrated in the examples above, the lithium-diamine complexes are generally 
formed as some type of dimeric or tetrameric species. However, it has been demonstrated 
that if the alkyl moiety of the organolithium is large enough, then a monomeric species can 
be isolated. In fact, the first crystal structure of a monomeric organolithium was obtained 
using t-BuLi and (-)-sparteine by Strohmann.50 The structure of complex 85 is depicted in 
Figure 2.18. 
 
Figure 2.18 Monomeric (-)-sparteine-t-BuLi complex 85 
 If a crystal structure of an organolithium complex with diamine 34 could be 
obtained, important structural information explaining its inability to induce asymmetry in 
organolithium-mediated reactions might be discovered. When a solution of methyllithium 
in diethyl ether was added to a solution of diamine (-)-34 in pentane, a white precipitate 
formed immediately. The reaction mixture was centrifuged and the solvent was decanted 
under inert atmosphere. It was found that the white solid was soluble in diethyl ether and 
vapor diffusion with pentane allowed for the isolation of a single crystal suitable for X-ray 
analysis. Based on the literature precedent discussed earlier, it was expected that diamine 
34 would create a homodimer similar to complexes 82 and 83 (Figure 2.16) when treated 
N N
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with methyllithium. However, homodimer 86 was not formed when mixing diamine 34 
and methyllithium (Scheme 2.33).  
 
Scheme 2.33 Attempted synthesis of homodimer 86 
 Instead, the species that formed upon mixing 34 and methyllithium was the dimer 
of cubic aggregates 87 as shown in Scheme 2.34. The crystal structure of complex 87 can 
be seen in Figure 2.19. 
 
Scheme 2.34 Formation of complex 87 
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Figure 2.19 Crystal structure of complex 87 
 This crystal structure reveals two important properties of diamine 34. The first is 
that it does not bind methyllithium in a bidentate manner. The second, likely a consequence 
of the first, is that diamine 34 does not break up the tetrameric cubic aggregates of 
methyllithium. That diamine 34 does not bind the smallest organolithium in a similar 
manner to (-)-sparteine 1 or (+)-sparteine surrogate 23, suggests that 34 will not be able to 
relay its chiral information in the same manner as 1 or 23. This is consistent with the 
experimental results obtained when evaluating (+)-34 as a potential sparteine surrogate. 
Having concluded that 34 could not be an effective replacement for sparteine, it was of 
interest to determine for which reactions diamine 34 might be a useful ligand.  
2.5 Revisiting transition metal-mediated reactions with 34 
Since diamine 34 was a poor ligand for lithium, and the only metal complex that was 
isolated for diamine 34 was that of palladium (II) chloride (52, Scheme 2.14), the potential 
for (+)-34 to induce enantioselectivity in transition metal reactions was evaluated. The 
  
51 
scope of reactions for which chiral diamines are effective ligands is quite broad.1 In an 
effort to narrow the scope of available reactions, a report from the Tanner laboratory was 
considered.7 In this work, Tanner and coworkers evaluate two different ligands, the core of 
each being a C2-symmetric bis-aziridine, in multiple transition metal catalyzed reactions. 
The ligands are shown in Figure 2.20, and the reactions that they evaluated are shown in 
Scheme 2.35. The key difference between these two ligands is the size of the chelate when 
bound to a metal center. Ligand 4 makes a five-membered metallocycle, while ligand 88 
makes a six-membered metallocycle. 
 
Figure 2.20 C2-symmetric diamines evaluated by Tanner and coworkers 
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Scheme 2.35 Transition metal-mediated reactions catalyzed by C2-symmetric diamines 
 In the stoichiometric osmium tetroxide asymmetric dihydroxylation, it was reported 
that ligand 4 promotes the dihydroxylation in 90% yield and 95% ee. Diamine 88, with the 
three-carbon tether between the aziridines, only effects this transformation in 50% yield 
and in less than 5% ee. In an effort to explain the dramatic difference in selectivity, Tanner 
suggests that the five-membered metallocycle formed with diamine 4 is more rigid than the 
six-membered metallocycle generated with diamine 88. This more rigid metallocycle is 
said to generate a more ordered transition state, where the ligand has a greater influence on 
the selectivity of the reaction.51 
 The enantioselective aziridination of styrene 91 was also investigated with these 
ligands. Both 4 and 88 reportedly produced the aziridination in about 65% yield; however, 
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they noted that diamine 4 induced asymmetry more efficiently than diamine 88 (33% ee 
vs. 8% ee).  
 The final reaction that Tanner studied was the Tsuji-Trost allylation. Much like the 
dihydroxylation, there was a dramatic difference between ligands 4 and 88 in the 
enantioselective allylation of chalcone derivative 17. Ethylene-linked diamine 4 produced 
the substitution product in 89% yield and 99% ee, whereas the propylene-linked diamine 
88 only produced trace amounts of product.  
 Despite forming a six-membered chelate, it was reasoned that the bridged bicyclic 
nature of diamine (+)-34 (Scheme 2.36) would be rigid enough to impart enantioselectivity 
in one of these processes. Diamine (+)-34 was evaluated in the dihydroxylation, the 
aziridination, and the allylic substitution reactions; the results are shown in Scheme 2.36. 
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Scheme 2.36 Application of (+)-34 in transition metal-mediated reactions 
 Incorporating diamine (+)-34 in the dihydroxylation reaction completely shut down 
the reaction. When diamine (+)-34 was used as a ligand for the copper catalyzed 
aziridination of styrene 91, the reaction proceeded in good yield, but with no observable 
enantioselectivity. However, when diamine (+)-34 was used in the Tsuji-Trost reaction of 
allylic acetate 17, the substitution product 18 was produced in only 30% yield but with 
60% ee. This was the first example of diamine (+)-34 inducing substantial levels of 
asymmetry in a reaction.  
 Encouraged by this result, the high-throughput experimentation center was utilized 
to optimize the reaction. For this screen, the solvent, palladium catalyst, and nucleophile 
were examined in a 96-well plate. Eight different solvents were examined: tetrahydrofuran, 
dimethylformamide, acetonitrile, toluene, dimethoxyethane, dichloromethane, 2-methyl-
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tetrahydrofuran, and dioxane. Six different palladium catalysts were evaluated: Pd(PPh3)4, 
[Pd(allyl)Cl]2, Pd(OAc)2, Pd(MeCN)2Cl2, Pd2(dba)3, Pd(cod)Cl2. Finally, two different 
dimethyl malonate nucleophiles were used: sodium dimethyl malonate, and a dimethyl 
malonate, KOAc, and bis(trimethylsilyl)acetamide combination which was used by 
Tanner.52 The results of this screen can be seen in Figure 2.21. 
 
Figure 2.21 Optimization screen for the Tsuji-Trost Reaction 
 By reporting the results as the product of (Product:Internal Standard) x ee,  
reactions that were either low yielding or that had no enantioselectivity have a value of 
zero in Figure 2.21. The most obvious result from this reaction is that sodium dimethyl 
malonate is a significantly better nucleophile than the dimethyl malonate, KOAc, and 
bis(trimethylsilyl)acetamide system developed by Tanner. The original reaction that gave 
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36% yield and 60% ee used sodium dimethyl malonate, [Pd(allyl)Cl]2, and THF. It can be 
seen that many different reaction combinations ([Pd(allyl)Cl]2 in DMF, MeCN, PhMe, or 
DME) gave better results than the original conditions.  
Specifically, it was determined that the combination of sodium dimethyl malonate, 
[Pd(allyl)Cl]2, and MeCN was optimal for this system, and yielded the desired product in 
90% yield and 74% ee. Unfortunately, lowering the temperature of the reaction precluded 
product formation. Although the yield and ee using diamine (+)-34 is lower than that of 
diamine 8, it is interesting to note that it is similar to the yield and ee of (-)-sparteine 1 for 
this reaction (77% yield, 75% ee).13  
 With the optimized conditions in hand, other allylic acetates were examined 
(Scheme 2.37). First, the unsymmetrical allylic acetate 93 was subjected to the optimized 
reaction conditions. The regioisomeric products 94 and 95 were isolated in 57% combined 
yield. SFC analysis showed that 94 was formed with 27% ee, while the NMR shift reagent 
(R)-(-)-1-(9-anthryl)-2,2,2-trifluoroethanol was used to determine that 95 was formed in 
20% ee. Unfortunately, the much less reactive cyclohexyl allylic acetate 96 failed to 
provide any substitution product under these reaction conditions.  
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Scheme 2.37 Substrate scope for asymmetric allylation 
 To evaluate the relationship between substitution on the nitrogen atoms of the 
bicyclic diamine and its utility as a ligand for this asymmetric allylation process, dibenzyl 
diamine (-)-98 was synthesized (Scheme 2.38).  
 
Scheme 2.38 Benzylation of diamine (-)-35 
 Diamine (-)-98 was evaluated as a ligand for the optimized reaction of chalcone 
derivative 17 to substitution product 18. The benzyl-substituted diamine (-)-98 greatly 
reduced the yield and enantioselectivity of this reaction as shown in Scheme 2.39. 
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Scheme 2.39 Application of diamine 98 to the asymmetric allylation 
 Despite diamine (+)-34 failing to be a competent sparteine surrogate, its utility as a 
chiral ligand was demonstrated in an asymmetric allylation with chalcone derivative 17. 
The yield and enantioselectivity for the asymmetric allylation decreased with less reactive 
substrates, however its effectiveness for allylic acetate 17 indicates that diamine (+)-34 
may be a useful ligand for other palladium-catalyzed processes. 
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3. Synthesis & Chemistry of Chiral Tetraazamacrocycles 
3.1 Chemistry of Tetraazamacrocycles 
 Tetraazamacrocycles, notably cyclam 99 and cyclen 100 (Figure 3.1), are well-
studied polyamine ligands that were first developed to model biological processes.53 These 
polyamines, cyclam 99 in particular, are especially well-known for their ability to stabilize 
high oxidation states of transition metals.54 Because of this property, their potential to act 
as ligands in nickel-mediated oxygen transfer processes was evaluated by Kochi and 
Burrows.55–59  
 
Figure 3.1 Cyclam and cyclen 
 The Kochi Laboratory described the use of different tetraazamacrocycles in the 
nickel-mediated epoxidation of alkenes, and concluded that catalyst 105 was the most 
effective system for this transformation (Scheme 3.1).55 They described that complex 105 
efficiently reduces iodosylbenzene; however, extensive efforts towards optimization of the 
oxygen atom transfer only led to the epoxidation of alkenes in modest yield. They 
tentatively assigned that the active catalyst in these epoxidations is the corresponding 
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nickel (IV) oxo species of 105, and attributed the low yield to undesirable oxidation of 
solvent and ligands. 
 
Scheme 3.1 Epoxidation of olefins with complex 105 
The Burrows Laboratory expanded upon the work of Kochi by synthesizing the 
first optically active carbon functionalized cyclam complex 107 (Scheme 3.2).57 Burrows 
and coworkers used the chiral tetraazamacrocycle complex 107 to effect the oxidation of 
styrene 91 to styrene oxide 106 as shown in Scheme 3.2. Despite the chirality of Burrows’ 
nickel (II) complex 107, no asymmetric induction was observed in this reaction. 
 
Scheme 3.2 Epoxidation with nickel (II) complex 107 
Burrows then reported a second chiral bis-lactam-cyclam complex, 110, derived 
from L-phenylalanine, and developed phase transfer conditions for nickel-catalyzed olefin 
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epoxidation (Scheme 3.3).58 Once again, this side-chain functionalized cyclam failed to 
induce any asymmetry.  
 
Scheme 3.3 Epoxidation with dioxo-cyclam complex 110   
It was hypothesized that incorporation of diamine (-)-35 into a tetraazamacrocycle, 
such as 112 (Figure 3.2), could potentially transform this oxidation process into an 
enantioselective one. It was reasoned that the proposed tetraazamacrocycle 112 might be 
more effective as a ligand for these nickel-catalyzed epoxidations than the 
tetraazamacrocycles shown in complexes 107 and 110 due to the more well-defined 
chirality of the bicyclic units within 112. 
 
Figure 3.2 Proposed tetraazamacrocycle scaffold 
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3.2 Efforts towards the 2,7-diazabicyclo[4.4.1]undecane cyclam 
The synthesis of these tetraazamacrocycles is generally accomplished via the 
protocol developed by Bradshaw.60–64 This macrocycle formation is commonly referred to 
as the “crab-like” cyclization and is displayed in Scheme 3.4. As a general example, the 
bis-a-chloroacetamide 113 is reacted with diamine 114 in a double substitution reaction. 
The resultant bis-lactam 115 is then reduced to afford a tetraazamacrocycle 116.  
 
Scheme 3.4 General procedure for the "crab-like" cyclization 
 Miyahara and coworkers applied this macrocyclization to bicyclic substrates, 
making the tetraazamacrocycle 120 from bispidine 118 (Scheme 3.5).65 Despite efforts to 
coordinate transition metals with this tetraazamacrocycle, it was reported that lithium was 
the only metal that effectively made a complex with 120.  
 
Scheme 3.5 Tetraazamacrocycle formation using bicyclic bispidine 118 
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 In order to utilize this strategy for the diazabicyclo[4.4.1]undecane (-)-35, the bis-
a-chloroacetamide 121 needed to be synthesized. The synthesis of 121 was straightforward 
and can be seen in Scheme 3.6.  
 
Scheme 3.6 Synthesis of undesired tetra-lactam 122 
 With the electrophilic coupling partner in hand, the key macrocyclization reaction 
could be evaluated. When bis-a-chloroacetamide 121 and diamine (-)-35 were subjected 
to these reaction conditions, the only isolable material was tetra-lactam 122, which was 
furnished in 25% yield (Scheme 3.6). Unfortunately, the desired bis-lactam 123 was not 
observed, and the remainder of the mass balance was unidentified polar oligomeric 
material.  
 Scheme 3.7 shows the mechanism for the formation of the tetra-lactam 122. The 
initial SN2 reaction between 121 and (-)-35 gives adduct 126. Instead of the second SN2 
being an intramolecular one (red arrows), two units of adduct 126 combine 
intermolecularly (blue arrows). It is hypothesized that the combined rigidity of the amide 
bonds and the bicyclic backbone precludes the intramolecular substitution reaction. 
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However, when adduct 127 is generated, it undergoes the intramolecular substitution 
reaction to afford the observed tetra-lactam 122.  
 
Scheme 3.7 Mechanism for formation of tetra-lactam 122 
To confirm of the structure of tetra-lactam 122, a crystal structure was desired. 
Tetra-lactam 122 was reduced with borane-tetrahydrofuran complex to access octamine 
124 (Scheme 3.8). The enantiomer of octamine 124 was also prepared and both octamine 
enantiomers were used in the complexation studies. 
Initial investigations of the complexation of 124 with nickel (II) salts were 
unsuccessful. Serendipitously, when a tetrahydrofuran solution of octamine 124 was 
treated with ethereal zinc (II) chloride, a white precipitate formed immediately (Scheme 
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3.8). The white precipitate was discovered to be the tetra-ammonium salt 125. A single 
crystal of the enantiomer of 125 was grown via slow evaporation of a solution of this salt 
in methanol (Figure 3.3). The tetrachlorozincate counterions and hydrogen atoms in the 
ORTEP drawing have been omitted for clarity.  
 
Scheme 3.8 Synthesis of octamine 124 and tetra-ammonium salt 125 
  
Figure 3.3 ORTEP drawing of tetra-ammonium salt ent-125 
 Although the synthesis of this chiral octaazamacrocycle was interesting, the target 
of this project was to access the tetraazamacrocycle 112 (Figure 3.2). In order to 
successfully synthesize tetraazamacrocycle 112, a new route had to be developed.  
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3.3 Synthesis of the methyl capped 2,7-diazabicyclo[4.4.1]undecane 
tetramine 
After considering the problematic features in the “crab-like” cyclization to access 
tetraazamacrocycle 112, two improvements were considered. Because the bicyclic core of 
diamine (-)-35 is already rigid, incorporation of an amide bond in the tether was believed 
to preclude the synthesis of the desired bis-lactam 123 (Scheme 3.6). Incorporating a more 
flexible tether would improve the chances of synthesizing the desired tetraazamacrocycle 
112. Additionally, it was believed that adopting a stepwise synthesis might prevent the 
formation of unwanted oligomeric species. A retrosynthetic analysis incorporating these 
principles can be seen in Scheme 3.9. 
 
Scheme 3.9 Second retrosynthetic analysis for tetraazamacrocycle 112 
 Tetraazamacrocycle 112 was thought to be synthesized from the double alkylation 
of open tetramine 128. Open tetramine 128 could be accessed from the deprotection of bis-
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Boc protected tetramine 129. The ethylene-linked bis-Boc protected diamine 129 could 
arise from the dimerization of mono-Boc protected diamine 59 with 1,2-dibromoethane. 
Mono-Boc protected diamine 59 was synthesized previously as shown in Scheme 2.18. 
 In the forward sense, the dimerization of mono-Boc protected diamine 59 to afford 
bis-Boc protected tetramine 129 was achieved in 56% yield. The double Boc deprotection 
was straightforward in producing the desired open tetramine 128. 
 
Scheme 3.10 Synthesis of open tetramine 128 
 With open diamine 128 in hand, the closure to the tetraazamacrocycle 112 was 
investigated. Despite this reaction being run under high dilution (0.01 M), LCMS indicated 
that oligomeric products were isolated along with the desired tetraazamacrocycle 112 
(Scheme 3.11). Due to the high polarity and lack of a chromophore among these 
polyamines, their separation was exceedingly difficult.  
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Scheme 3.11 Attempted synthesis of tetraazamacrocycle 112 
 The results of the failed double alkylation necessitated a different strategy for the 
synthesis of the tetraazamacrocycle. Methylation of tetramine 128 would provide an “open-
cyclam” that could ligate around a metal center in the same way as the tetraazamacrocycle 
112. The synthesis of the bis-methylated tetramine 130 is displayed in Scheme 3.12. 
 
Scheme 3.12 Synthesis of tetramine 130 
 To determine if tetramine 130 would behave similarly to cyclam 99, its metal 
complexation was studied. Metal complexation with tetramine 130 proved to be difficult. 
In general, nickel (II) cyclam complexes are formed by mixing the cyclam with the desired 
nickel (II) hydrate in ethanol or acetonitrile.58 These conditions did not effectively afford 
the metal complex when using tetramine 130. However, when subjected to anhydrous 
metal complexation conditions, tetramine 130 ligated nickel (II) chloride to give complex 
131 (Scheme 3.13). This complexation was investigated using both optical series of the 
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ligand. A single crystal of this complex suitable for X-ray analysis was grown from the 
slow evaporation of a tetrahydrofuran/diethyl ether solution of complex ent-131 (Figure 
3.4).  
 
Scheme 3.13 Formation of nickel (II) tetramine complex 131 
 
Figure 3.4 ORTEP drawing of nickel (II) tetramine complex ent-131 
 The crystal structure of nickel (II) complex ent-131 displays interesting features, 
the most striking of which is that the tetramine 130 binds nickel (II) chloride in a bidentate, 
not tetradentate, fashion. Specifically, the nickel is bound between the two internal nitrogen 
atoms, forming a five-membered metallacycle. The outer nitrogen atoms are oriented away 
from the central nickel, making tetradentate ligation appear to be a difficult process.  
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3.4 Synthesis of two 2,7-diazabicyclo[4.4.1]undecane based 
tetraazamacrocycles and their Ni(II) complexes 
 The information gathered from the crystal structure of complex ent-131 led to the 
development of two new target tetramines 132 and 133 (Figure 3.5). 
 
Figure 3.5 Third-generation tetraazamacrocycles 132 and 133 
 These tetraazamacrocycles 132 and 133 more closely resemble cyclam 99 and 
cyclen 100, respectively. The principle behind this proposal was that the bicyclic cores in 
tetramine 130 had difficulty complexing metal in a bidentate fashion. It was postulated that 
metal complexation would be facilitated by removing one of the rigid bicyclic diamines 
and replacing it with a more flexible diamine. Accessing 132 and 133 would be 
accomplished using Bradshaw’s “crab-like” cyclization, and the successful syntheses of 
the corresponding bis-lactams 135 and 137 are shown in Scheme 3.14 and Scheme 3.15, 
respectively. These bis-lactams were easily purified using flash chromatography. Both bis-
lactams 135 and 137 were smoothly reduced using DIBAL-H (Scheme 3.14, Scheme 3.15). 
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Scheme 3.14 Synthesis of tetraazamacrocycle 132 
 
Scheme 3.15 Synthesis of tetraazamacrocycle 133 
 With both tetraazamacrocycles 132 and 133 having been prepared, their ability to 
ligate metals was evaluated. Both optical series of each ligand were used for these studies. 
Gratifyingly, both 132 and 133 successfully bound nickel (II) nitrate upon heating in 
acetonitrile under reflux as shown in Scheme 3.16 and Scheme 3.17.  
 
Scheme 3.16 Synthesis of nickel (II) nitrate complex 138 
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Scheme 3.17 Synthesis of nickel (II) nitrate complex 139 
A crystal of 138 suitable for X-ray analysis was grown using vapor diffusion of 
ether into a solution of 138 in methanol (Figure 3.6). The crystal structure of complex ent-
139 (Figure 3.7) was solved after slow evaporation from a solution of ent-139 in methanol 
gave a single crystal suitable for X-ray analysis. In the ORTEP drawings in Figure 3.6 and 
Figure 3.7, the nitrate counterion and the hydrogen atoms have been omitted for clarity.  
 
Figure 3.6 ORTEP drawing of complex 138 
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Figure 3.7 ORTEP drawing of complex ent-139 
The nickel centers of 138 and ent-139 appear to have a square planar geometry, 
which is consistent with the oxidation catalysts reported by Kochi and Burrows.55,59 The 
structural parameter, t4, is used to determine if the geometry of a four coordinate species 
is closer to square planar (t4 = 0) or tetrahedral (t4 = 1).66 The N-Ni-N angles in complex 
138 are 178.1° and 178.9° (Figure 3.8). The N-Ni-N angles in complex ent-139 are 165.2° 
and 165.3°. This results in t4 = 0.02 for 138, and t4 = 0.21 for ent-139. These t4 values 
confirm that complex 138 is square planar, while ent-139 is slightly distorted from square 
planar. 
NN
N N
ent-139
Ni+2 2 NO3-
ent-139
ent-139
HH
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Figure 3.8 N-Ni-N angles in 138 and ent-139 
Disappointingly, initial investigation of complexes 138 and 139 as oxidation 
catalysts only produced trace amounts of the desired epoxidation as shown in Scheme 3.18. 
 
Scheme 3.18 Initial investigation of oxidation with complexes 138 and 139 
 The future goals of this project are to optimize the enantioselective epoxidation of 
styrene 91 using either nickel (II) complex 138 or 139. By leveraging the High-Throughput 
Experimentation Center at Penn, it is believed that this oxidation process, along with other 
atom transfer processes (i.e. cyclopropanation or aziridination), could be developed 
efficiently.  
 
 
ent-139138
178.9°
178.1°
165.2°
165.3°
Ph
91
PhIO
[Ni]
MeCN Ph
106
138: trace, N/A ee
139: trace, N/A ee
O
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4. Experimental Methods 
General Methods 
Solvents used for extraction and purification were HPLC grade from Fisher. Unless 
otherwise indicated, all reactions were run under an inert atmosphere of argon. Anhydrous 
dichloromethane, tetrahydrofuran, ethyl ether and toluene were obtained via passage 
through an activated alumina column. Commercial reagents were used as received. VWR 
pre-coated silica gel plates (250 µm, 60 F254) were used for analytical TLC. Spots were 
visualized using 254 nm ultraviolet light, with potassium permanganate stain as the 
visualizing agent. Chromatographic purifications were performed on Sorbent Technologies 
silica gel (particle size 32-63 microns). 1H and 13C NMR spectra were recorded at 500 MHz 
and 125 MHz, respectively, in CDCl3, DMSO-d6, or Benzene-d6 on a Bruker AM-500 or 
DRX-500 spectrometer. Chemical shifts are reported relative to internal chloroform (δ 7.26 
for 1H, δ 77.0 for 13C), DMSO (δ 2.50 for 1H, δ 39.52 for 13C), or benzene (δ 7.16 for 1H, 
δ 128.06 for 13C). Infrared spectra were recorded neat using a Perkin-Elmer Spectrum Two 
Fourier transform spectrometer. Accurate mass measurement analyses were conducted on 
either a Waters GCT Premier, time-of- flight, GCMS with electron ionization (EI), or an LCT 
Premier XE, time-of-flight, LCMS with electrospray ionization (ESI). Samples were taken up 
in a suitable solvent for analysis. The signals were mass measured against an internal lock mass 
reference of perfluorotributylamine (PFTBA) for EI-GCMS, and leucine enkephalin for ESI-
LCMS. Waters software calibrates the instruments, and reports measurements, by use of 
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neutral atomic masses. The mass of the electron is not included.  Melting points were obtained 
on a Thomas Hoover capillary melting point apparatus and are uncorrected. 
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Meerwein’s Ester, tetramethyl 2,6-dihydroxybicyclo[3.3.1]nona-2,6-diene-1,3,5,7-
tetracarboxylate (30) 
 
Scaled-down procedure from Wärnmark23: 
Under an argon atmosphere, benzene (348 mL) was added to a flame-dried, one-neck, 1-L 
round bottom flask equipped with a Dean-Stark tube. To this was added dimethyl malonate 
28 (200 mL, 1.747 mol, 1 equiv), paraformaldehyde 29 (43.5 g, 1.449 mol, 0.829 equiv), 
and piperidine (4.25 mL, 0.043 mol, 0.025 equiv). This solution was stirred and heated 
under reflux for 24 hours. Approximately 25 mL of H2O accumulated in the Dean-Stark 
tube. The clear, slightly yellow solution was cooled to 23°C and then concentrated under 
reduced pressure. The resulting viscous, yellow oil was added quickly to a solution of 
NaOMe (1.235 mol) in MeOH (331 mL) (prepared by dissolving freshly cut Na metal (28.4 
g, 1.235 mol) in anhydrous MeOH (381 mL) at 0°C). The residual yellow oil remaining in 
the flask was transferred to the reaction mixture using 78 mL of anhydrous MeOH. This 
solution was stirred at 23°C and within ten minutes a solid white mass formed that 
interrupted stirring. Heating and breaking the mass apart with a spatula was necessary for 
the stirring to proceed again (Note: a mechanical stirrer did not prevent the formation of 
the solid white mass, nor improve its breaking apart). This mixture was heated under reflux 
CO2MeMeO2C O
H
H
n
1) Piperidine, PhH
2) NaOMe, MeOH
CO2Me
MeO2C
OH
HO
MeO2C
CO2Me69%28 29 30
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for 19 hours, yielding an off-white suspension. The reaction mixture was cooled to 23°C, 
and then cooled to 0°C for 2 hours. Et2O (140 mL) was added to the cooled mixture, and 
it was stirred at 0°C for another 30 minutes. The precipitate was then filtered using a 
Büchner funnel, and washed with 120 mL of a cold Et2O:MeOH mixture (1:1). The off-
white salt was dissolved in deionized H2O (556 mL), and acidified by adding 6M HCl (112 
mL) dropwise. The resulting white precipitate was filtered and dried in a 60°C oven 
overnight, yielding Meerwein’s ester 30 (115.6 g, 69% yield) as a white solid. Spectra 
matched reported. 1H-NMR (500 MHz, CDCl3): δ 12.17 (s, 2H), 3.78 (s, 6H), 3.77 (s, 6H), 
2.88 (d, J = 4.1 Hz, 4H), 2.33 (d, J = 3.9 Hz, 2H). 
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Bicyclo[3.3.1]nonane-2,6-dione (31) 
 
Scaled-down procedure from Wärnmark23: 
Meerwein’s ester 30 (115.6 g, 0.3 mol, 1 equiv) was dissolved in glacial AcOH (310 mL) 
under gentle reflux. 6M HCl (208 mL, 1.251 mol, 4.17 equiv) was added dropwise over 
the course of 6 hours to the reaction mixture under reflux. Upon completion of the addition, 
it was heated under reflux for another 20 hours. The solution was cooled to 23°C, and then 
concentrated under reduced pressure to dryness. This residue was dissolved in CH2Cl2 (140 
mL) and subsequently washed with sat. aq. NaHCO3 (2 x 56 mL) and then brine (56 mL). 
The organic layer was dried over Na2SO4, filtered, and concentrated under reduced 
pressure to give the diketone 31 (25.42 g, 56% yield) as a white solid. Spectra matched 
reported. 1H-NMR (500 MHz, CDCl3): δ 2.75 (s, 2H), 2.66 – 2.55 (m, 2H), 2.41 (dt, J = 
16.9, 9.4 Hz, 2H), 2.22 (d, J = 3.1 Hz, 2H), 2.16 – 2.00 (m, 4H). 
CO2Me
MeO2C
OH
HO
MeO2C
CO2Me
30
6M HCl
AcOH
56%
O
O
31
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(2E,6E)-Bicyclo[3.3.1]nonane-2,6-dione dioxime (36) 
 
Diketone 31 (4.2 g, 27.6 mmol) was suspended in absolute EtOH (11 mL, 2.5M). 
Deionized H2O (33 mL) was added, followed by the addition of NaOAc-3H2O (18.8 g, 138 
mmol, 5 equiv) and NH2OH-HCl (5.75 g, 82.8 mmol, 3 equiv). The suspension was heated 
to reflux for 2 hours. The reaction was cooled to 0°C and subsequently filtered. The bis-
oxime 36 (3.317 g, 66% yield) was isolated as a white solid and was dried overnight in a 
60°C oven. Spectra matched reported. 1H NMR (500 MHz, DMSO-d6) δ 10.29 (s, 2H), 
3.09 (dd, J = 17.5, 7.1 Hz, 2H), 2.62 (q, J = 3.6 Hz, 2H), 2.01 (ddd, J = 17.5, 12.3, 8.4 Hz, 
2H), 1.78 (d, J = 3.3 Hz, 2H), 1.75 – 1.60 (m, 4H). 
O
O
31
NH2OH-HClNaOH, H2O
96%
N
N
36HO
OH
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2,6-Bis((triisopropylsilyl)oxy)bicyclo[3.3.1]nona-2,6-diene (39) 
 
In a 15 mL round-bottom flask was added the diketone 31 (0.2 g, 1.314 mmol). The 
diketone was dissolved in anhydrous CH2Cl2 (3.98 mL, 0.33 M). To this mixture was added 
NEt3 (0.659 mL, 4.73 mmol, 3.6 equiv). While at 23°C, TIPSOTf (0.850 mL, 3.15 mmol, 
2.4 equiv) was added dropwise. The reaction was allowed to stir for 30 minutes, when TLC 
indicates consumption of the starting material. The mixture was diluted further with 10 mL 
CH2Cl2 and washed with 20 mL cold sat. aq. NaHCO3 solution. The organic layer was 
separated, dried over Na2SO4, filtered, and concentrated under reduced pressure. The 
residue suspended in 10 mL Et2O and the insoluble material was filtered away. The organic 
layer was concentrated under reduced pressure and purified using basic alumina with 
hexanes as the eluent to obtain the desired bis-silyl enol ether 39 (0.571 g, 93% yield). 
TLC: Rf: 1.0, Hexanes (Basic alumina, KMnO4) 1H NMR (500 MHz, CDCl3) δ 4.66 (dd, 
J = 4.8, 2.5 Hz, 2H), 2.26 (p, J = 2.7 Hz, 2H), 2.24 – 2.06 (m, 4H), 1.71 (t, J = 3.1 Hz, 2H), 
1.16 (ddt, J = 13.0, 8.8, 6.2 Hz, 6H), 1.07 (dd, J = 7.3, 3.2 Hz, 36H). 13C NMR (126 MHz, 
CDCl3) δ 152.87, 99.62, 33.70, 30.14, 29.06, 18.25, 12.91. IR: 1660, 1463, 1182 cm-1 
HRMS (ESI): m/z calcd. for [C27H53O2Si2]+ 465.3584, obs. 465.3573 
TIPSOTf
NEt3, CH2Cl2
OTIPS
OTIPS
93%
O
O
31 39
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2,7-Diazabicyclo[4.4.1]undecane-3,8-dione (33) & 2,8-diazabicyclo[4.4.1]undecane-
3,7-dione (41) 
 
The diketone 31 (5.00 g, 32.9 mmol) was dissolved in CHCl3 (66 mL, 0.5 M) in a 250-mL 
two-neck round-bottom flask fitted with an addition funnel and a mechanical stirrer. The 
solution was cooled to 0°C. While at 0°C, conc. H2SO4 (33.6 mL, 605 mmol, 18.3 equiv) 
was added dropwise through the addition funnel. Upon completion of addition, NaN3 (8.54 
g, 131.4 mmol, 4 equiv) was added portion-wise (over the course of an hour) through a 
solid addition funnel into the reaction mixture at 0°C. It was stirred via the mechanical 
stirrer at 300 rpm for 18 hours. The viscous bottom brown layer (aqueous) was separated 
from the clear top layer using a separatory funnel. The aqueous portion was then carefully 
diluted with 80 mL of ice water, and subsequently cooled to 0°C. This was then brought to 
pH 12 by slowing adding 60 g of finely crushed NaOH to the reaction mixture while stirring 
at 0°C. Upon completion of the addition, 250 mL of 25% iPrOH/CHCl3 was added, and it 
was vigorously stirred for 30 minutes. The solid (Na2SO4) was filtered off via vacuum 
filtration, and rinsed 1x 100 mL of 25% iPrOH/CHCl3. The filtrate was then separated, and 
the aqueous layer was extracted 3x 100 mL 25% iPrOH/CHCl3. All of the organics are 
combined, dried with Na2SO4, filtered, and concentrated under reduced pressure to yield 
NaN3conc. H2SO4CHCl3
1.5 : 1
88%
O
O
31 33 41
N
H
H
N
O
O
N
H
NH
O
O
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the bis-lactam regioisomers 33 and 41 (5.27 g, 88% yield, 1.5:1 rr) as a yellow solid. This 
mixture is used without further purification. TLC: Rf: 0.5, 20% MeOH/CH2Cl2 (KMnO4) 
1H NMR (500 MHz, DMSO-d6) δ 7.45 (d, J = 5.9 Hz, 2H), 3.54 – 3.41 (m, 2H), 2.39 
(dddd, J = 47.2, 16.3, 9.1, 2.6 Hz, 4H), 2.20 (t, J = 4.0 Hz, 2H), 1.89 – 1.67 (m, 4H). 13C 
NMR (126 MHz, CDCl3) δ 174.78, 48.27, 32.94, 32.87, 29.75. IR: 1638, 1412, 822 cm-1 
HRMS (ESI): m/z calcd. for [C9H15N2O2]+ 183.1134, obs. 183.1122 mp: 245-270 °C  
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Di-tert-butyl 3,8-dioxo-2,7-diazabicyclo[4.4.1]undecane-2,7-dicarboxylate (42) & di-
tert-butyl 3,7-dioxo-2,8-diazabicyclo[4.4.1]undecane-2,8-dicarboxylate (43) 
 
To a 25 mL round-bottom flask was added the mixture of bis-lactam regioisomers 33 and 
41 (0.30 g, 1.65 mmol, 1 equiv) and anhydrous MeCN (8.25 mL, 0.2 M). DMAP (0.040 g, 
0.33 mmol, 0.2 equiv) and Boc2O (1.08 g, 4.95 mmol, 3 equiv) were added to the reaction 
flask, and it was heated to reflux for 6 hours. Upon completion by TLC, the reaction 
mixture was cooled to 23°C. 20 mL sat. aq. NaHCO3 solution was added, and the reaction 
mixture was then partitioned between 20 mL EtOAc and 20 mL H2O. The layers were 
separated and the aqueous was further extracted 3x 20 mL EtOAc. The organic layers were 
combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. The 
residue was purified on SiO2 with 30% acetone/hexanes to afford the symmetrical 
protected bis-lactam 42 (0.21 g, 33% yield) and unsymmetrical protected bis-lactam 43 
(0.260 g, 41% yield) as colorless oils. 42 TLC: Rf: 0.30 (KMnO4) 1H NMR (500 MHz, 
CDCl3) δ 4.18 – 3.92 (m, 2H), 2.62 (ddd, J = 17.7, 11.3, 9.1 Hz, 2H), 2.47 (ddd, J = 17.8, 
9.3, 2.3 Hz, 2H), 2.13 (tt, J = 11.7, 8.9 Hz, 2H), 2.05 – 1.86 (m, 4H), 1.52 (s, 18H). 13C 
NMR (126 MHz, CDCl3) δ 173.31, 149.75, 83.21, 54.99, 36.58, 31.05, 27.98, 21.89. IR: 
1798, 1767, 1344, 1152 cm-1 HRMS (ESI): m/z calcd. for [C19H30N2O6Na]+ 405.2002, obs. 
Boc2ODMAP
MeCN
N
H
H
N
N
H
NH
O
O
O
O
1.5 : 133 41
N
Boc
Boc
N
N
Boc
NBoc
O
O
O
O
42
33%
43
41%
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405.1992 43 TLC: Rf: 0.50 (KMnO4) 1H and 13C NMR exhibit rotomeric peaks. 1H NMR 
(500 MHz, CDCl3) δ 4.54 (ddt, J = 10.6, 7.2, 3.4 Hz, 1H), 4.43 (tt, J = 7.7, 4.1 Hz, 2H), 
3.93 (dd, J = 14.2, 7.3 Hz, 1H), 3.45 (dd, J = 14.1, 11.2 Hz, 1H), 3.01 (td, J = 5.9, 2.9 Hz, 
1H), 2.97 – 2.84 (m, 2H), 2.73 (ddd, J = 16.3, 10.8, 2.6 Hz, 1H), 2.63 (ddd, J = 16.4, 8.6, 
2.4 Hz, 1H), 2.55 (ddq, J = 18.1, 9.8, 4.2, 3.8 Hz, 3H), 2.45 (qd, J = 8.5, 3.5 Hz, 1H), 2.36 
– 2.24 (m, 3H), 2.09 (dq, J = 9.0, 4.5, 3.7 Hz, 3H), 1.99 (dt, J = 15.0, 7.2 Hz, 2H), 1.94 – 
1.84 (m, 1H), 1.53 – 1.43 (m, 34H). 13C NMR (126 MHz, CDCl3) δ 178.15, 175.65, 175.60, 
154.75, 154.43, 153.76, 83.43, 83.37, 82.75, 52.35, 51.83, 45.12, 42.51, 36.87, 35.42, 
32.33, 30.20, 29.52, 28.14, 28.04, 28.00, 27.31, 24.78. IR: 1758, 1704, 1367, 1146 cm-1 
HRMS (ESI): m/z calcd. for [C19H30N2O6Na]+ 405.2002, obs. 405.2026 
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2,7-Diazabicyclo[4.4.1]undecane-3,8-dithione (44) 
 
The crude mixture of regioisomeric bis-lactams 33 and 41 (3.43 g, 18.8 mmol) was 
suspended in anhydrous THF (24.4 mL, 0.77 M). To this was added Lawesson’s reagent 
(7.97 g, 19.7 mmol, 1.05 equiv) at 23°C. The suspension was heated to reflux for 20 
minutes, and subsequently cooled to 23°C. The solid was filtered via vacuum filtration, 
and then suspended in 20 mL of MeOH. The MeOH was heated to a gentle boil with stirring 
for 10 minutes and the mixture was cooled to 23°C. The solid was collected again via 
vacuum filtration to yield the desired bis-thiolactam 44 (1.95 g, 49% yield, 10:1 rr) as a 
white solid. The remainder of the undesired bis-thiolactam 45 remains in the filtrate. TLC: 
Rf: 0.58, EtOAc (KMnO4) 1H NMR (500 MHz, DMSO-d6) δ 10.05 (d, J = 5.6 Hz, 2H), 
3.79 – 3.69 (m, 2H), 3.13 – 2.91 (m, 4H), 2.30 (t, J = 3.8 Hz, 2H), 2.03 – 1.80 (m, 4H). 13C 
NMR (126 MHz, DMSO-d6) δ 205.48, 54.12, 40.51, 30.89, 29.81. IR: 1554, 1341, 1086 
cm-1 HRMS (ESI): m/z calcd. for [C9H15N2S2]+ 215.0677, obs. 215.0682 mp: 248-250°C 
1.5 : 133 41
N
H
H
N
O
O
N
H
NH
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S
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Octahydro-1H-pyrrolo[1,2-a]azepin-8-amine (46) 
 
Bis-lactam 44 (0.1 g, 0.467 mmol, 1 equiv) was added to a flame-dried round-bottom flask 
under inert atmosphere. Anhydrous THF (2.1 mL, 0.22 M) was added and the suspension 
was cooled to 0°C. LiAlH4 (0.08 g, 2.10 mmol, 4.5 equiv) was added in portions at 0°C. 
The suspension was refluxed for 2 hours, when LC/MS indicated that reaction was 
complete. The reaction was cooled to 0°C and subsequently quenched with 0.1 mL H2O, 
0.1 mL 5 M aq. NaOH, and 0.3 mL H2O. The reaction mixture was concentrated under 
reduced pressure and then chromatographed using basic alumina with 2% MeOH/CH2Cl2, 
1% NH4OH as the eluent to obtain the rearranged product 46 (0.042 g, 58% yield) as a pale 
yellow oil. TLC: Rf: 0.4, 2% MeOH/CH2Cl2, 1% NH4OH (Basic alumina, KMnO4) 1H 
NMR (500 MHz, CDCl3) δ 3.94 – 3.55 (m, 1H), 3.08 – 2.88 (m, 3H), 2.52 – 2.28 (m, 2H), 
2.13 – 1.18 (m, 10H). 13C NMR (126 MHz, CDCl3) δ 61.81, 57.69, 54.88, 51.29, 45.72, 
37.14, 33.74, 24.09, 22.98. IR: 2924, 907, 641 cm-1 HRMS (EI): m/z calcd. for [C9H18N2]+ 
154.1470, obs. 154.1470 
LiAlH4THF
N
H
H
N
S
S
58%
44
>10:1 rr
46
N
H NH2
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3,5-Dinitro-N-octahydro-1H-pyrrolo[1,2-a]azepin-8-yl)benzamide (47) 
 
The diamine 46 (0.035 g, 0.227 mmol, 1 equiv) was dissolved in CHCl3 (0.450 mL, 0.5 M) 
and cooled to 0°C. NEt3 (0.070 mL, 0.5 mmol, 2.2 equiv) was added and while at 0°C, 3,5-
dinitrobenzoyl chloride (0.115 g, 0.5 mmol, 2.2 equiv) was added in over the course of 5 
minutes. The reaction was raised to 23°C and stirred. After two hours, LC/MS indicated 
that the starting diamine was fully consumed. The reaction was diluted with 5 mL CHCl3 
and washed with 5 mL sat. aq. NaHCO3. The organic layer was dried with Na2SO4, filtered, 
and concentrated under reduced pressure. The residue was purified on SiO2 with 20% 
MeOH/CH2Cl2 to afford the desired amide 47 (0.047 g, 79% yield) as a yellow foam. A 
single crystal suitable for x-ray crystallographic analysis was grown from slow evaporation 
in MeOH. TLC: Rf: 0.2, 20% MeOH/CH2Cl2 (UV) 1H NMR (500 MHz, CDCl3) δ 9.12 
(q, J = 3.2, 2.5 Hz, 2H), 8.61 – 8.52 (m, 1H), 6.31 (s, 1H), 4.55 (tt, J = 8.2, 5.6, 4.5 Hz, 
1H), 3.45 (ddd, J = 10.5, 7.4, 3.9 Hz, 1H), 3.38 – 3.29 (m, 1H), 3.03 – 2.95 (m, 1H), 2.70 
– 2.60 (m, 1H), 2.56 (ddt, J = 13.6, 9.9, 2.9 Hz, 1H), 2.31 (ddt, J = 14.4, 7.1, 2.6 Hz, 1H), 
2.21 (ddddd, J = 14.3, 10.1, 8.0, 5.8, 2.2 Hz, 2H), 2.14 – 1.94 (m, 3H), 1.86 (tdd, J = 11.1, 
4.6, 2.4 Hz, 2H), 1.85 – 1.63 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 161.16, 148.30, 
137.97, 127.32, 120.48, 63.63, 57.28, 55.13, 47.91, 38.10, 33.26, 30.70, 22.89, 22.64. IR: 
3,5-dinitrobenzoyl chloride
NEt3, CHCl3
79%
46 47
N
H NH2
N
H NH O
O2N
NO2
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3098, 1658, 1624, 1538, 1344 cm-1 HRMS (ESI): m/z calcd. for [C16H21N4O5]+ 349.1512, 
obs. 349.1511 
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2,7-Diazabicyclo[4.4.1]undecane (35) 
 
The bis-thiolactam 44 (1.5 g, 7.00 mmol) was suspended in anhydrous CH2Cl2 (28 mL, 
0.25 M) and cooled to -78°C. DIBAL-H (1.2 M in toluene) (48 mL, 57.6 mmol, 8 equiv) 
was added dropwise into the reaction mixture at -78°C. Upon completion of addition, the 
reaction vessel was removed from the cooling bath and allowed to reach 23°C where it was 
left to stir for 4 hours. The reaction was cooled to 0°C and quenched by dropwise addition 
of H2O (35 mL), and then 2M aq. NaOH (20 mL). 60 g of Rochelle’s salt was added and it 
was stirred until the mixture becomes two distinct layers (~2 hours). The layers were then 
separated and the aqueous layer was extracted 3x 20 mL CH2Cl2. The organics were 
combined, dried with Na2SO4, filtered, and concentrated under reduced pressure to give 
the diamine 35 (1.10 g, quantitative yield) as a clear, colorless oil. 1H NMR (500 MHz, 
CDCl3) δ 3.48 – 3.34 (m, 2H), 3.03 (dt, J = 13.9, 3.5 Hz, 2H), 2.67 (ddd, J = 13.9, 12.2, 
1.7 Hz, 2H), 2.41 – 2.15 (m, 2H), 2.00 (t, J = 4.4 Hz, 2H), 1.94 – 1.75 (m, 4H), 1.68 (dddt, 
J = 14.1, 5.9, 3.8, 1.7 Hz, 2H), 1.46 (tdd, J = 13.1, 5.6, 2.7 Hz, 2H). 13C NMR (126 MHz, 
CDCl3) δ 55.09, 45.66, 36.80, 35.71, 28.43. IR: 2917, 1442, 1137, 748 cm-1 HRMS (EI): 
m/z calcd. for [C9H18N2]+ 154.1470, obs. 154.1457 
 
DIBAL-H
CH2Cl2
N
H
H
N
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44
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N
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(2,7-Diazabicyclo[4.4.1]undecane-2,7-diyl)bis(phenylmethanone) (51) 
 
Bis-secondary diamine 35 (0.250 g, 1.62 mmol, 1 equiv) was dissolved in anhydrous 
CH2Cl2 (8.1 mL, 0.2 M) and NEt3 (0.677 mL, 4.86 mmol, 3.0 equiv) was added. The 
reaction mixture was cooled to 0°C. Freshly distilled benzoyl chloride (0.470 mL, 4.05 
mmol, 2.5 equiv) was added dropwise to the reaction mixture at 0°C. Upon completion of 
addition, the reaction was warmed to 23°C and stirred for 4 hours. LC/MS indicated that 
the starting material was consumed. The reaction mixture was diluted with 10 mL CH2Cl2 
and washed with 20 mL 2N HCl. The layers were separated and the aqueous layer was 
extracted 2x 20 mL CH2Cl2. The organic layers were combined, dried over Na2SO4, filtered 
and concentrated under reduced pressure. The residue was purified on SiO2 with EtOAc to 
afford the desired bis-amide 51 (0.560 g, 95% yield) as a white foam. This racemic bis-
benzamide was used as the racemic standard for the diastereomeric salt resolution. The 
enantiomers could be resolved with baseline separation using an Agilent 1260 Infinity SFC, 
OD-3 column, 10% MeOH/CO2, 2.5 mL/min, (R,R) 7.44 min, (S,S) 8.22 min. TLC: Rf: 
0.5 EtOAc (UV) 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.27 (m, 10H), 5.36 (s, 1H), 4.91 
(d, J = 18.9 Hz, 1H), 4.21 (s, 1H), 3.79 (s, 1H), 3.40 (d, J = 14.9 Hz, 1H), 3.12 (q, J = 14.2 
Hz, 1H), 2.50 – 1.31 (m, 10H). 13C NMR (101 MHz, CDCl3) δ 171.25, 137.07, 136.95, 
129.16, 128.52, 128.40, 126.39, 125.71, 55.97, 49.86, 49.59, 47.93, 42.27, 42.01, 39.17, 
N
Bz
Bz
N
N
H
H
N BzClNEt3CH2Cl2
35 51
95%
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38.60, 37.53, 29.23, 28.48, 26.15, 25.19. IR: 2930, 1614, 1420, 1273, 1138 cm-1 HRMS 
(ESI): m/z calcd. for [C23H27N2O2]+ 363.2073, obs. 363.2076 
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(1R,6R)-2,7-Diazabicyclo[4.4.1]undecane ((-)-35) 
 
Racemic secondary diamine 35 (9.67 g, 62.67 mmol) was dissolved in MeOH (29.3 mL, 
2.14 M). Separately, (-)-O,O′-Di-p-toluoyl-D-tartaric acid (12.1 g, 31.33 mmol, 0.5 equiv) 
was dissolved in MeOH (12.5 mL, 2.50 M). The tartaric acid solution was added dropwise 
to the solution of the diamine with vigorous stirring. Upon completion of addition, the 
mixture was stirred for 16 hours. The resulting white precipitate was filtered via Büchner 
funnel. The white solid was suspended in 50 mL of CH2Cl2 and 50 mL of 2M aq. NaOH 
and stirred until dissolution. The layers were separated and the aqueous was extracted 2x 
50 mL CH2Cl2. The organics were combined, dried with Na2SO4, filtered and concentrated 
under reduced pressure to yield the enantioenriched diamine (-)-35 (2.15 g, 28% yield, 95% 
ee) as a colorless oil. [α]25D -31.9° (c 0.11 CHCl3) 
(-)-DTTA
MeOH
N
H
H
N
35
N
H
H
N
(-)-35
95% ee
28%
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Method for ee determination of 35 
 
Modified from Jacobsen34: 
In a test tube, the precipitated salt (0.025 g, 0.046 mmol) from the resolution was 
partitioned between 1 mL EtOAc and 1 mL 2 M NaOH. The solution was vortexed for 30 
seconds. Freshly distilled benzoyl chloride (0.020 mL, 0.184 mmol, 4 equiv) was added 
and the mixture was vortexed for 30 seconds. 0.250 mL of the organic layer was removed 
and added to 5 mL of MeOH. This solution was directly injected into the SFC for ee 
determination: Agilent 1260 Infinity SFC, OD-3 column, 10% MeOH/CO2, 2.5 mL/min, 
(R,R) 7.44 min, (S,S) 8.22 min. 
 
 
N
Bz
Bz
N
N
H
H
N BzCl2 M NaOH
EtOAc
35-(-)-DTTA salt
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(1R,6R)-2,7-Dimethyl-2,7-diazabicyclo[4.4.1]undecane ((+)-34) 
 
Enantioenriched bis-secondary diamine (-)-35 (1.162 g, 7.53 mmol) was dissolved in 
HCO2H (25 mL, 0.3 M). 37% aq. CH2O (2.24 mL, 30.12 mmol, 4 equiv) was added and 
the mixture was heated to reflux for 16 hours. The mixture was cooled to 23°C and added 
to 150 mL of 5 M NaOH at 0°C. The white heterogeneous solution was extracted 3x 75 
mL CHCl3. The organic layers were combined, dried over Na2SO4, filtered, and 
concentrated under reduced pressure to the bis-tertiary diamine (+)-34 (1.41 g, quantitative 
yield) as a yellow oil. If necessary, trace impurities were removed via trituration with Et2O 
(impurities crash out) or via short-path distillation (93°C at 10 mmHg). 1H NMR (500 
MHz, CDCl3) δ 2.98 (dq, J = 12.2, 4.3 Hz, 2H), 2.83 – 2.66 (m, 4H), 2.34 (s, 6H), 2.13 (t, 
J = 4.5 Hz, 2H), 1.82 – 1.54 (m, 8H). 13C NMR (126 MHz, CDCl3) δ 62.05, 54.77, 44.45, 
36.79, 26.35, 24.82. IR: 2924, 1460, 1214, 1102 cm-1 HRMS (ESI): m/z calcd. for 
[C11H23N2]+ 183.1861, obs. 183.1862  [α]25D 23.25° (c 0.3 CHCl3) 
N
H
H
N
(-)-35
95% ee
N
N
quant.
37% aq. CH2OHCO2H
(+)-34
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Dimethyl bis-tertiary diamine palladium (II) chloride complex (52) 
 
PdCl2 (0.048 g, 0.274 mmol) was added to a one dram vial. Anhydrous CH3CN (1.4 mL, 
0.2 M) was added to the vial. This mixture was heated to reflux until the purple solid 
changed to orange/red (about 30 minutes). The solution was cooled to 23°C. The chiral 
tertiary diamine (+)-34 (0.050 g, 0.274 mmol, 1 equiv) was added to the solution, which 
instantly became a red homogeneous mixture. The reaction was stirred for 1 hour at 23°C. 
The red solution was filtered through celite and concentrated under reduced pressure. The 
resulting orange solid was dissolved in 2 mL CHCl3 and subsequently precipitated out with 
5 mL Et2O. The orange solid was filtered to obtain the desired diamine-palladium complex 
52 (0.101 g, quantitative yield). A single crystal suitable for x-ray analysis was grown from 
slow evaporation of CHCl3. 1H NMR (500 MHz, CDCl3) δ 5.15 – 5.01 (m, 2H), 3.19 (dt, 
J = 13.4, 4.3 Hz, 2H), 2.90 (s, 5H), 2.68 – 2.50 (m, 7H), 2.34 – 2.19 (m, 4H), 1.66 (dddd, 
J = 15.6, 11.7, 7.7, 3.3 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 65.32, 61.70, 54.38, 34.55, 
30.68, 26.53. IR: 2919, 1448, 978 cm-1 [α]25D 44.56° (c 0.18 CHCl3) mp: 195°C 
N
N
Pd
Cl Cl
PdCl2MeCN
N
N
(+)-34 52
quant.
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di-tert-Butyl (1R,6R)-2,7-diazabicyclo[4.4.1]undecane-2,7-dicarboxylate (63) 
 
Enantioenriched secondary diamine (-)-35 (2.86 g, 18.5 mmol) was dissolved in anhydrous 
CH2Cl2 (74 mL, 0.25 M). Boc2O (10.11 g, 46.3 mmol, 2.5 equiv) was added slowly at 
23°C, and upon completion of addition was left to stir for 16 hours at 23°C. After 16 hours, 
the solution is concentrated under reduced pressure and the resulting residue is purified 
using 40% EtOAc/Hex on SiO2. The bis-Boc-protected diamine 63 (6.67 g, quantitative 
yield) was isolated as a clear oil. TLC: Rf: 0.67 40% EtOAc/Hex (KMnO4, heat) 1H NMR 
(500 MHz, CDCl3) δ 4.67 (s, 2H), 4.21 (d, J = 14.6 Hz, 2H), 3.16 (ddd, J = 14.2, 11.5, 2.0 
Hz, 2H), 2.07 (t, J = 4.3 Hz, 2H), 1.95 (d, J = 8.4 Hz, 2H), 1.94 – 1.85 (m, 2H), 1.76 (d, J 
= 15.6 Hz, 2H), 1.44 (d, J = 1.2 Hz, 18H). 13C NMR (126 MHz, CDCl3) δ 155.2, 79.34, 
52.46, 44.11, 38.22, 29.57, 28.35, 25.70. IR: 2978, 1809, 1682, 1391, 1156 cm-1 HRMS 
(ESI): m/z calcd. for [C15H30N8O2Na]+ 377.2416, obs. 377.2399 [α]25D 22.65° (c 0.27 
CHCl3) (of ent-63) 
 
 
 
N
H
H
N Boc2OCH2Cl2
N
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Boc
N
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tert-Butyl (1R,6R)-2,7-diazabicyclo[4.4.1]undecane-2-carboxylate (59) 
 
Bis-Boc protected diamine 63 (1.818 g, 5.13 mmol) was dissolved in CHCl3 (212 mL, 
0.024 M). The solution was cooled to 0°C in an ice bath. TFA (21.2 mL, 278 mmol, 54 
equiv) was added slowly. The reaction was stirred at 0°C for 90 minutes. While at 0°C, the 
reaction was quenched by addition of 165 mL of aqueous 2M NaOH solution. The mixture 
was added to a separatory funnel and the layers were separated. The aqueous layer was 
extracted 3x 80 mL CH2Cl2. The organic layer was dried over Na2SO4, subsequently 
filtered, and concentrated under reduced pressure. The crude residue was purified using 
20% MeOH/CH2Cl2, 1% NH4OH on SiO2 to give the mono-Boc protected diamine 59 
(0.615 g, 47% yield) a colorless, clear oil. TLC: Rf: 0.5 (KMnO4, heated) 1H NMR (500 
MHz, CDCl3) δ 4.41 (q, J = 8.5 Hz, 1H), 3.64 (qdd, J = 14.5, 8.1, 2.1 Hz, 2H), 3.42 – 3.34 
(m, 1H), 3.07 – 2.92 (m, 2H), 2.13 (ddd, J = 16.0, 6.2, 4.0 Hz, 3H), 2.05 – 1.49 (m, 8H), 
1.43 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 155.63, 79.35, 55.14, 53.72, 44.96, 44.09, 
36.91, 32.76, 29.90, 28.64, 26.36, 25.33. IR: 2928, 1682, 1405, 1364, 1160 cm-1 HRMS 
(ESI): m/z calcd. for [C14H27N2O2]+ 255.2073, obs. 255.2082 [α]25D 3.14° (c 0.19 CHCl3) 
(of ent-59) 
N
Boc
Boc
N TFACHCl3
N
H
Boc
N
5963
47%
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tert-Butyl (1R,6R)-7-(but-3-yn-1-yl)-2,7-diazabicyclo[4.4.1]undecane-2-carboxylate 
(58) 
 
Adapted from Zhang37: 
Mono-Boc protected diamine 59 (0.615 g, 2.42 mmol) was added to anhydrous CH3CN 
(4.83 mL, 0.5 M). NaI (0.181 g, 1.21 mmol, 0.5 equiv) was added to the solution, followed 
by anhydrous K2CO3 (1.34 g, 9.67 mmol, 4 equiv). Lastly, 3-butynyl tosylate (0.852 mL, 
4.83 mmol, 2 equiv) was added. The reaction was heated to reflux for 16 hours. It was 
cooled to 23°C and filtered through a short pad of celite. The celite was washed with 10 
mL of CH3CN. The filtrate was concentrated under reduced pressure. The solids collected 
on the celite were taken up in 10 mL of deionized water and extracted 2x 10 mL of CH2Cl2. 
The crude residue from the CH3CN was also taken up in 10 mL of CH2Cl2 and combined 
with the other organic layer. The combined organic layer was washed with 10 mL of aq. 2 
M NaOH solution. The organic layer was separated, it was dried over Na2SO4, filtered and 
concentrated under reduced pressure. The residue is purified via flash chromatography on 
SiO2 using 5% MeOH/CH2Cl2 1% NH4OH as eluent to give the alkynylated amine 58 
(0.661 g, 89% yield) as a colorless oil. TLC: Rf: 0.37 (KMnO4, heated) 1H NMR (500 
MHz, CDCl3) δ 4.54 (d, J = 104.9 Hz, 1H), 3.96 (s, 1H), 3.35 (t, J = 12.6 Hz, 1H), 3.06 (q, 
J = 6.7 Hz, 1H), 2.80 (dtd, J = 22.4, 13.4, 4.5 Hz, 2H), 2.73 – 2.60 (m, 2H), 2.38 – 2.27 
N
H
Boc
N 3-butynyl tosylate, 
NaI, K2CO3, MeCN
N
Boc
N
89%
59 58
  
100 
(m, 2H), 2.22 (s, 1H), 1.95 (t, J = 2.6 Hz, 1H), 1.86 (td, J = 14.5, 5.8 Hz, 3H), 1.80 – 1.65 
(m, 2H), 1.44 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 155.30, 83.04, 79.05, 68.69, 59.79, 
54.25, 53.31, 52.56, 50.87, 44.44, 36.24, 28.39, 27.60, 24.83, 18.25. IR: 2929, 1722, 1681, 
1412, 1164 cm-1 HRMS (ESI): m/z calcd. for [C18H31N2O2]+ 307.2386, obs. 307.2378 
[α]25D -38.28° (c 0.07 CHCl3) (of ent-58) 
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tert-Butyl(3R,8R,13aR)-12-oxododecahydro-4H-3,8-methanopyrido[1,2-
a][1,6]diazecine-4-carboxylate (67) & tert-butyl (3R,8R,13aS)-12-oxododecahydro-
4H-3,8-methanopyrido[1,2-a][1,6]diazecine-4-carboxylate (57) 
 
Adapted from Zhang37: 
The alkynyl amine 58 (0.661 g, 2.16 mmol, 1 equiv) was dissolved in anhydrous CH2Cl2 
(43.1 mL, 0.05 M). Activated powdered 4Å MS (3 g) were added, and the mixture was 
cooled to 0°C. While at 0°C, m-CPBA (0.600 g, 2.59 mmol, 75% by weight, 1.2 equiv) 
was added in one portion. The reaction was left to stir at 0°C for 1 hour, when LC/MS 
shows complete consumption of the amine starting material and full conversion to the 
desired N-oxide. While still at 0°C, PPh3AuNTf2 (0.080 g, 0.108 mmol, 0.05 equiv) was 
added under a stream of Ar. The reaction was left to stir at 0°C for 1 hour. It was raised to 
23°C and diluted with 40 mL of CH2Cl2. The suspension was filtered over a pad of celite. 
The filtrate was washed with 50 mL of aq. 5% Na2CO3 solution. The organic layer was 
separated, dried over Na2SO4, filtered, and concentrated under reduced pressure. The 
residue was purified via flash chromatography using 5% MeOH/CH2Cl2 as eluent to give 
the tricyclic piperidones 67 (0.365 g, 52% yield) and 57 (0.224 g, 32% yield) as pale yellow 
oils. 67 TLC: Rf: 0.48 (KMnO4) 1H NMR (500 MHz, CDCl3) δ 4.32 (s, 1H), 3.86 (s, 1H), 
1) m-CPBA, CH2Cl2, 4Å MS
2) Ph3PAuNTf2
N
Boc
N
H
O
N
Boc
N
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O
N
Boc
N
58 67
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3.38 (t, J = 11.8 Hz, 1H), 3.25 – 3.12 (m, 2H), 2.84 (dd, J = 5.4, 2.8 Hz, 1H), 2.60 (td, J = 
12.1, 3.3 Hz, 1H), 2.51 (ddd, J = 14.4, 5.5, 1.4 Hz, 1H), 2.44 (dddd, J = 16.1, 11.6, 5.8, 1.0 
Hz, 1H), 2.34 – 2.21 (m, 3H), 2.03 (dtdt, J = 20.7, 9.2, 6.0, 2.8 Hz, 3H), 1.91 – 1.78 (m, 
1H), 1.82 – 1.71 (m, 1H), 1.73 – 1.64 (m, 2H), 1.49 (d, J = 3.6 Hz, 0H), 1.44 (s, 9H). 13C 
NMR (126 MHz, CDCl3) δ 210.81, 155.62, 79.31, 61.61, 56.05, 49.89, 49.22, 45.23, 41.02, 
34.51, 28.66, 23.39. IR: 2856, 1722, 1678, 1165 cm-1 HRMS (ESI): m/z calcd. for 
[C18H31N2O3]+ 323.2335, obs. 323.2345 [α]25D 23.03° (c 0.33 CHCl3) (of ent-67) 57 TLC: 
Rf: 0.36 (KMnO4) 1H NMR (500 MHz, CDCl3) δ 4.66 (d, J = 102.0 Hz, 1H), 4.28 (d, J = 
71.3 Hz, 1H), 3.32 (q, J = 9.0 Hz, 1H), 3.17 – 2.96 (m, 2H), 2.89 (s, 1H), 2.73 (t, J = 12.1 
Hz, 1H), 2.57 (td, J = 13.5, 6.5 Hz, 1H), 2.41 (s, 1H), 2.28 (d, J = 8.0 Hz, 3H), 2.15 – 1.99 
(m, 2H), 1.90 (m, 2H), 1.76 (q, J = 12.5 Hz, 2H), 1.63 (d, J = 13.0 Hz, 2H), 1.54 (s, 1H), 
1.45 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 208.80, 155.18, 79.37, 77.21, 76.96, 76.70, 
62.43, 59.88, 53.31, 52.89, 52.37, 51.26, 49.88, 44.31, 41.76, 38.66, 32.83, 28.36, 25.75, 
25.16. IR: 2390, 1720, 1682, 1162 cm-1 HRMS (ESI): m/z calcd. for [C18H31N2O3]+ 
323.2335, obs. 323.2349 [α]25D -12.45° (c  0.15 CHCl3) (of ent-57) 
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(3R,8R,13aR)-Dodecahydro-2H-3,8-methanopyrido[1,2-a][1,6]diazecine (68) 
 
Piperidone 57 (0.277 g, 0.860 mmol, 1 equiv) was dissolved in diethylene glycol (4.77 mL, 
0.18 M). Hydrazine monohydrate (0.230 mL, 4.73 mmol, 5.5 equiv) was added and the 
mixture was heated to 60°C for 10 minutes. Freshly crushed KOH (0.564 g, 10.1 mmol, 
11.7 equiv) was added at 60°C and the reaction was stirred vigorously and heated 160°C 
for 16 hours. The reaction was then cooled to 23°C and diluted with 15 mL of H2O. The 
aqueous solution was extracted 6x 10 mL Et2O. The organic layers were combined, dried 
over Na2SO4, filtered, and concentrated under reduced pressure to give 0.169 g of a pale 
yellow oil.   
The resulting oil (0.169 g, 0.548 mmol) was dissolved in CH2Cl2 (2.75 mL, 0.1M) and 
cooled to 0°C. TFA (2.75 mL) is added dropwise at 0°C. The reaction was raised to 23°C 
and stirred for 2 hours. LC/MS indicated the deprotection was complete. The reaction was 
concentrated under reduced pressure and the resulting residue was partitioned between 5 
mL CH2Cl2 and 5 mL aq. 2M NaOH. The aqueous layer was extracted 2x 5 mL CH2Cl2. 
The organic layers were combined, dried over Na2SO4, filtered, and concentrated under 
reduced pressure to the desired diamine 68 (0.119 g, 66% yield over two steps) as a pale 
yellow oil. This material was used without further purification. 1H NMR (500 MHz, 
N
Boc
N
O
H
1) N2H4-H2OKOH, diethylene glycol
2) TFA, CH2Cl2
N
H
N
H
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57 68
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CDCl3) δ 3.33 (q, J = 8.8 Hz, 1H), 3.15 (q, J = 8.8 Hz, 1H), 3.10 – 3.00 (m, 2H), 2.72 (d, 
J = 11.8 Hz, 1H), 2.49 (s, 1H), 2.47 – 2.30 (m, 2H), 2.16 – 1.93 (m, 3H), 1.87 – 1.41 (m, 
13H), 1.36 – 1.14 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 63.65, 60.63, 54.35, 54.14, 
46.09, 42.55, 35.63, 33.56, 28.32, 28.21, 26.40, 25.30, 24.66. IR: 2927, 1465, 1400 cm-1 
HRMS (ESI): m/z calcd. for [C13H25N2]+ 209.2018, obs. 209.2009 [α]25D 3.03° (c 0.07 
CHCl3) (for ent-68) 
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(3R,8R,13aS)-Dodecahydro-2H-3,8-methanopyrido[1,2-a][1,6]diazecine (69) 
 
Piperidone 67 (0.613 g, 1.90 mmol, 1 equiv) was dissolved in diethylene glycol (10.6 mL, 
0.18 M). Hydrazine monohydrate (0.509 mL, 10.5 mmol, 5.5 equiv) was added and the 
mixture was heated to 60°C for 10 minutes. Freshly crushed KOH (1.26 g, 22.3 mmol, 11.7 
equiv) was added at 60°C and the reaction was stirred vigorously and heated to 160°C for 
16 hours. The reaction was then cooled to 23°C and diluted with 15 mL of H2O. The 
aqueous solution was extracted 6x 10 mL Et2O. The organic layers were combined, dried 
over Na2SO4, filtered, and concentrated under reduced pressure to give 0.335 g of a pale 
yellow oil.   
The resulting oil (0.335 g, 1.08 mmol) was dissolved in CH2Cl2 (5.4 mL, 0.2 M) and cooled 
to 0°C. TFA (5.4 mL) was added dropwise at 0°C. The reaction was raised to 23°C and 
stirred for 2 hours. LC/MS indicated the deprotection was complete. The reaction was 
concentrated under reduced pressure and the resulting residue was partitioned between 5 
mL CH2Cl2 and 5 mL aq. 2M NaOH. The aqueous layer was extracted 2x 5 mL CH2Cl2. 
The organic layers were combined, dried over Na2SO4, filtered, and concentrated under 
reduced pressure to the desired diamine 69 (0.198 g, 50% yield over two steps) as a pale 
yellow oil. This material was used without further purification. 1H NMR (500 MHz, 
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CDCl3) δ 3.27 (q, J = 4.8, 3.9 Hz, 1H), 3.07 (dq, J = 12.6, 3.8, 2.4 Hz, 2H), 2.91 (dt, J = 
11.7, 3.9 Hz, 1H), 2.71 (ddd, J = 14.2, 9.3, 5.0 Hz, 2H), 2.55 – 2.34 (m, 2H), 2.11 (ddt, J 
= 14.9, 10.6, 3.3 Hz, 2H), 2.04 – 1.91 (m, 2H), 1.81 – 1.46 (m, 8H), 1.44 – 1.35 (m, 2H), 
1.25 (dddq, J = 16.4, 12.0, 9.0, 4.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 62.64, 60.56, 
54.67, 52.45, 43.99, 34.64, 34.33, 33.50, 33.20, 31.59, 26.22, 25.31, 22.88. IR: 2926, 1448, 
1124 cm-1 HRMS (ESI): m/z calcd. for [C13H25N2]+ 209.2018, obs. 209.2013 [α]25D -4.39° 
(c 0.27 CHCl3) (for ent-69) 
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(3R,8R,13aR)-4-Methyldodecahydro-2H-3,8-methanopyrido[1,2-a][1,6]diazecine 
(56) 
 
The tricyclic diamine 68 (0.119 g, 0.571 mmol, 1 equiv) was dissolved in HCO2H (1.90 
mL, 0.3 M) and 37% aq. CH2O (0.128 mL, 1.71 mmol, 3 equiv) was added. The mixture 
was heated to reflux for 16 hours. The reaction was cooled to 23°C and diluted with 5 mL 
H2O. The reaction mixture was brought to pH 12 with 15 mL of 2 M NaOH, and 
subsequently extracted 3x 5 mL CH2Cl2. The organic layers were combined, dried over 
Na2SO4, filtered, and concentrated under reduced pressure to get the desired methylated 
diamine 56 (0.117 g, 92% yield) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 3.12 
– 2.99 (m, 2H), 2.73 (dtd, J = 33.5, 13.5, 6.8 Hz, 3H), 2.47 – 2.36 (m, 2H), 2.33 (d, J = 5.0 
Hz, 3H), 2.29 – 2.14 (m, 3H), 1.92 (qd, J = 10.4, 8.9, 3.0 Hz, 1H), 1.77 (dddd, J = 37.9, 
13.2, 9.5, 3.9 Hz, 3H), 1.68 – 1.57 (m, 4H), 1.57 – 1.44 (m, 5H), 1.33 – 1.13 (m, 2H). 13C 
NMR (126 MHz, CDCl3) δ 63.72, 60.96, 60.58, 54.24, 54.20, 43.90, 37.85, 35.64, 32.93, 
26.37, 24.72, 24.61, 24.28, 23.01. IR: 2927, 1443 cm-1 HRMS (ESI): m/z calcd. for 
[C14H27N2]+ 223.2174, obs. 223.2188 [α]25D -10.07° (c 0.13 CHCl3) (for ent-56) 
N
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N
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 (3R,8R,13aS)-4-Methyldodecahydro-2H-3,8-methanopyrido[1,2-a][1,6]diazecine 
(70) 
 
The tricyclic diamine 69 (0.198 g, 0.950 mmol, 1 equiv) was dissolved in HCO2H (3.17 
mL, 0.3 M) and 37% aq. CH2O (0.213 mL, 2.85 mmol, 3 equiv) was added. The mixture 
was heated to reflux for 16 hours. The reaction was cooled to 23°C and diluted with 5 mL 
H2O. The reaction mixture was brought to pH 12 with 15 mL of 2 M NaOH, and 
subsequently extracted 3x 5 mL CH2Cl2. The organic layers were combined, dried over 
Na2SO4, filtered, and concentrated under reduced pressure to get the desired methylated 
diamine 70 (0.142 g, 67% yield) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 2.86 
(dt, J = 12.1, 3.6 Hz, 1H), 2.71 – 2.56 (m, 3H), 2.46 – 2.34 (m, 1H), 2.33 – 2.19 (m, 5H), 
2.05 (tdd, J = 13.0, 9.6, 2.5 Hz, 1H), 1.96 (ddt, J = 14.3, 6.9, 4.0 Hz, 2H), 1.92 – 1.86 (m, 
1H), 1.86 – 1.73 (m, 2H), 1.69 – 1.61 (m, 1H), 1.53 (dq, J = 8.5, 4.6, 4.0 Hz, 3H), 1.49 – 
1.23 (m, 5H), 1.24 – 1.10 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 66.05, 63.80, 62.63, 
57.41, 52.65, 45.27, 36.77, 34.42, 32.16, 31.66, 29.39, 26.69, 24.74, 24.24. IR: 2925, 1454, 
1107 cm-1 HRMS (ESI): m/z calcd. for [C14H27N2]+ 223.2174, obs. 223.2169  [α]25D 16.95° 
(c 0.13 CHCl3) (for ent-70) 
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(3R,8R,13aR)-4-Methyldodecahydro-2H-3,8-methanopyrido[1,2-a][1,6]diazecine 
palladium (II) chloride complex (71) 
 
PdCl2 (0.024 g, 0.135 mmol, 1 equiv) was added to anhydrous CH3CN (0.675 mL, 0.2M) 
in a dram vial. The vial was sealed and heated to reflux for 30 minutes until the purple solid 
changed to yellow/orange. The solution of Pd(CH3CN)2Cl2 was cooled to 23°C and the 
tricyclic diamine 56 (0.030 g, 0.135 mmol, 1 equiv) was added. It was stirred for 12 hours 
at 23°C. The reaction mixture was diluted with 1 mL CHCl3 and filtered through celite. 
The filtrate was concentrated under reduced pressure once more to give the desired 
palladium complex 71 as an orange film (0.025 g, 56% yield). A single crystal suitable for 
X-ray analysis was grown from the slow evaporation of 71 in a solution of CHCl3/Et2O. 
N
N
Pd
Cl Cl
HPdCl2MeCN
56%N
N
H
56 71
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 (3R,8R,13aS)-4-methyldodecahydro-2H-3,8-methanopyrido[1,2-a][1,6]diazecine 
palladium (II) chloride complex (72) 
 
PdCl2 (0.024 g, 0.135 mmol, 1 equiv) was added to anhydrous CH3CN (0.675 mL, 0.2M) 
in a dram vial. The vial was sealed and heated to reflux for 30 minutes until the purple solid 
changed to yellow/orange. The solution of Pd(CH3CN)2Cl2 was cooled to 23°C and the 
tricyclic diamine 70 (0.030 g, 0.135 mmol, 1 equiv) was added. It was stirred for 12 hours 
at 23°C. The reaction mixture was diluted with 1 mL CHCl3 and filtered through celite. 
The filtrate was concentrated under reduced pressure once more to give the desired 
palladium complex 72 as an orange film (0.018 g, 33% yield). A single crystal suitable for 
X-ray analysis was grown from the slow evaporation of 72 in CHCl3.  
N
N
Pd
Cl ClH
PdCl2MeCN
33%N
N
H
70 72
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General procedure for lithiation-substitution of carbamates: 
 
The ligand (0.213 mmol, 1.4 equiv) was dissolved in anhydrous Et2O (0.3 mL, 0.7 M) and 
the mixture was cooled to -78°C. To the diamine solution was added s-BuLi (1M in 
hexanes) (0.197 mL, 0.197 mmol, 1.3 equiv) in anhydrous Et2O (0.3 mL, 0.65 M) at -78°C. 
Next, the carbamate 11 (0.040 g, 0.152 mmol, 1 equiv) in anhydrous Et2O (0.225 mL, 0.67 
M) was added to the lithium solution at -78°C. The reaction mixture was then stirred for 6 
hours at -78°C. Bu3SnCl (0.054 mL, 0.197 mmol, 1.3 equiv) was then added dropwise at -
78°C. After complete addition, the reaction mixture was allowed to warm to 23°C over the 
course of 16 hours. After completion, the reaction mixture was quenched with 2 mL of 2N 
HCl and further diluted with 1 mL Et2O. The layers were separated, and the organic layer 
was washed with 1 mL of sat. aq. KF solution. The layers were separated, the organic layer 
was dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 
residue was taken up in MeCN, filtered through celite, and injected directly into the SFC.  
Method for ee determination: Agilent 1260 Infinity SFC, IG-3 column, 0.5% MeOH/CO2, 
2.5 mL/min, 1.96 min, 2.31 min. 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.25 (m, 2H), 7.21 
– 7.14 (m, 3H), 4.70 (dd, J = 9.5, 4.6 Hz, 1H), 4.11 (d, J = 15.6 Hz, 1H), 3.96 – 3.61 (m, 
1H), 2.77 (ddd, J = 13.5, 10.6, 4.8 Hz, 1H), 2.65 (ddd, J = 13.6, 10.5, 6.1 Hz, 1H), 2.24 
O N
O
1) sBuLi, Ligand,
Et2O2) Bu3SnCl O N
O
11 12
1: 84% ee
(+)-34: 4% ee
(-)-56: -8% ee
(+)-70: -25% ee
Bu3Sn
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(dtd, J = 14.5, 10.1, 4.8 Hz, 1H), 2.06 (dddd, J = 14.1, 10.8, 6.1, 4.7 Hz, 1H), 1.56 – 1.40 
(m, 6H), 1.35 – 1.16 (m, 18H), 0.89 (q, J = 7.2 Hz, 15H). (-)-1: 84% ee, (+)-34: 4% ee, (-
)-56: -8% ee, (+)-70: -25% ee,  
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General procedure for rearrangement of cyclooctene oxide: 
 
The ligand (0.864 mmol, 2.4 equiv) was dissolved in anhydrous Et2O (1.82 mL, 0.48 M) 
and cooled to -78°C. s-BuLi (1M in hexanes) (0.864 mL, 0.864 mmol, 2.4 equiv) was 
added to the cooled solution in a dropwise manner. The complexation was allowed to stir 
at -78°C for 30 minutes. Cyclooctene oxide 53 (0.045 g, 0.36 mmol, 1 equiv) in anhydrous 
Et2O (0.9 mL, 0.4 M) was then added dropwise to the lithium solution at -78°C. Upon 
completion of addition, the reaction mixture was stirred at -78°C for 5 hours. After 5 hours, 
the reaction mixture was warmed to 23°C and stirred for 16 hours. The reaction was then 
quenched with 2 mL of 2N HCl solution and the layers were separated. The aqueous layer 
was extracted 3x 2 mL Et2O. The organic layers were combined, washed with 5 mL sat. 
aq. NaHCO3 solution and 5 mL sat. aq. NaCl solution. The organic layers were dried over 
Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified on 
SiO2 using 50% Et2O/Hexanes as eluent. The spectra matched reported. 54 1H NMR (500 
MHz, CDCl3) δ 4.18 (td, J = 6.9, 4.6 Hz, 1H), 2.43 (h, J = 6.3 Hz, 2H), 1.80 (dt, J = 13.1, 
6.4 Hz, 1H), 1.77 – 1.41 (m, 8H), 1.36 – 1.26 (m, 1H), 1.23 (tt, J = 12.2, 5.6 Hz, 1H). 
O
s-BuLi
Ligand
Et2O
H
H
OH
4-chloro-3,5-dinitro-
benzoic acid
DCC, DMAP
CH2Cl2
H
H
O
O
O2N Cl
NO2
53 54
1: 75%, 74% ee
(+)-34: quant., 0% ee
(-)-56: quant, 0% ee 
(+)-70: 86%, 0% ee
55
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The pure alcohol 54 (1 equiv) was dissolved in anhydrous CH2Cl2 (0.1 M). At 23°C, DCC 
(1.2 equiv) and DMAP (0.1 equiv) were added. The solution was cooled to 0°C and 4-
chloro-3,5-benzoic acid (1.5 equiv) was added. The reaction mixture was stirred at 0°C for 
15 minutes, and then warmed to 23°C where it stirred for 16 hours. The reaction mixture 
was filtered through Celite, concentrated under reduced pressure, and purified on SiO2 
using 10% EtOAc/Hexanes as eluent. Method for ee determination: Agilent 1260 Infinity 
SFC, IG-3 column, 5% MeOH/CO2, 2.5 mL/min, 2.64 min, 2.91 min or 10% MeOH/CO2, 
2.5 mL/min, 1.74 min, 1.88 min. 55 1H NMR (500 MHz, CDCl3) δ 8.55 (s, 2H), 5.36 (q, 
J = 6.6 Hz, 1H), 2.78 (dq, J = 15.5, 8.0, 7.1 Hz, 1H), 2.63 – 2.48 (m, 1H), 2.02 – 1.75 (m, 
4H), 1.69 – 1.39 (m, 5H), 1.33 (dq, J = 12.4, 6.2 Hz, 1H). (-)-1: 75% yield, 74% ee, (+)-
34: 100% yield, 0% ee, (-)-56: 100% yield, 0% ee, (+)-70: 86% yield, 0% ee 
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General procedure for oxidative kinetic resolution: 
 
A sealable vial was charged with activated 3Å MS (0.250 g), Pd(nbd)Cl2 (0.007 g, 0.025 
mmol, 0.05 equiv), PhMe (5 mL 0.1 M), and ligand (0.1 mmol, 0.2 equiv). The vial was 
evacuated and backfilled with O2 three times. The mixture was heated to 80°C for 10 
minutes. The secondary alcohol (0.060 mL, 0.5 mmol, 1 equiv) was added at 80°C and was 
heated for 4 days. The reaction mixture was cooled to 23°C and filtered through a plug of 
SiO2 with CH2Cl2 as eluent and directly injected into the SFC. Method for ee 
determination: Agilent 1260 Infinity SFC, OD-3 column, 5% MeOH/CO2, 2.5 mL/min, 
2.80 min, 3.14 min or 10% MeOH/CO2, 2.5 mL/min, 0.91 min, 1.00 min. 15 1H NMR (500 
MHz, CDCl3) δ 7.29 (4H, d, J = 4.0 Hz), 7.21-7.25 (1H, m), 4.78 (1H, q, J = 6.5 Hz), 3.74 
(1H, s), 1.42 (3H, d, J = 6.5 Hz) (-)-1: 90% ee, (+)-34: 0% ee, (-)-56: 0% ee, (+)-70: 0% 
ee. 
MePh
OH
5 mol % Pd(nbd)Cl2
20 mol % Ligand
PhMe, 3Å MS, O2
MePh
OH
MePh
O
1: 90% ee
(+)-34: 0% ee
(-)-56: 0% ee 
(+)-70: 0% ee
15 16
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3,3,7,7-Tetramethylbicyclo[3.3.1]nonane-2,6-dione (76) 
 
Adapted from Bishop41: 
KOtBu (8.24 g, 73.14 mmol, 5.58 equiv) was added slowly to tBuOH (87.6 mL, 0.15 M) 
at 23°C. The diketone 31 (2 g, 13.14 mmol, 1 equiv) was added to the reaction flask at 
23°C and it was stirred for 20 minutes. MeI (9.06 mL, 145.8 mmol, 11.1 equiv) was added 
to the reaction mixture, and during the addition KI crashed out of solution. The reaction 
mixture was left to stir at 23°C for 16 hours and the reaction was quenched with 50 mL 
deionized H2O. The tBuOH was removed en vacuo, and the aqueous residue was acidified 
with 2N HCl. The aqueous layer was extracted 3x 50 mL of CH2Cl2. The organic layers 
were combined, washed with sat. aq. NaHCO3 and brine. The organics were dried over 
Na2SO4, filtered, and concentrated under reduced pressure to get the desired 
tetramethylated diketone 76 (2.39 g, 87% yield) as an oil. This was used without further 
purification. Spectra matched reported. 1H NMR (500 MHz, CDCl3) δ 2.88 – 2.76 (m, 2H), 
2.32 (tt, J = 3.0, 1.0 Hz, 2H), 2.12 – 1.95 (m, 4H), 1.23 (s, 6H), 1.08 (s, 6H). 
O
O
MeI, KOtBu
tBuOH
O
O
87%
31 76
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(2E,6E)-3,3,7,7-Tetramethylbicyclo[3.3.1]nonane-2,6-dione dioxime (77) 
 
Tetramethyl diketone 76 (11.5 g, 55.2 mmol, 1 equiv) was dissolved in absolute EtOH (22 
mL, 2.5 M). To the reaction mixture was added NaOAc-3H2O (37.8 g, 276 mmol, 5 equiv), 
NH4OH-HCl (11.5 g, 166 mmol, 3 equiv), and deionized H2O (66 mL). The reaction 
mixture was heated to reflux for 30 minutes. The reaction mixture was cooled to 23°C, and 
the solid was filtered via Büchner funnel. The solid was dried in an 80°C oven for 2 hours 
and the bis-oxime 77 was isolated as a white solid (12.27 g, 93% yield). 1H NMR (500 
MHz, DMSO-d6) δ 10.38 (s, 2H), 3.39 (d, J = 7.4 Hz, 2H), 1.89 (dd, J = 14.4, 1.9 Hz, 2H), 
1.80 – 1.66 (m, 4H), 1.15 (s, 6H), 1.08 (s, 6H). 13C NMR (126 MHz, DMSO-d6) δ 166.03, 
41.05, 35.18, 33.94, 31.62, 27.03, 26.47. IR: 2963, 1456, 924 cm-1 HRMS (ESI): m/z 
calcd. for [C13H23N2O2]+ 239.1760, obs. 239.1769 mp: 230°C 
NH2OH-HClNaOAc
EtOH, H2O
N
N
OH
HO
O
O
76
93%
77
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4,4,9,9-Tetramethyl-3,8-diazabicyclo[4.4.1]undecane-2,7-dione (75) 
 
Bis-oxime 77 (0.843 g, 3.54 mmol, 1 equiv) was suspended in anhydrous CH2Cl2 (7.10 
mL, 0.5 M). Freshly distilled NEt3 (1.23 mL, 8.85 mmol, 2.5 equiv) was added to the 
reaction mixture and then it was cooled to 0°C. Freshly distilled MsCl (0.602 mL, 7.78 
mmol, 2.2 equiv) was added to the reaction mixture dropwise at 0°C. Upon completion of 
addition, the reaction mixture was stirred for 20 minutes at 0°C. Ice water (8 mL) was 
added to the reaction mixture and the reaction mixture was added to a separatory funnel. 
The layers were separated and the aqueous layer was extracted 1x 10 mL CH2Cl2. The 
organic layers were combined and washed sequentially with 20 mL 2N HCl and 20 mL sat. 
aq. NaHCO3. The organic layer was dried over Na2SO4, filtered, and concentrated under 
reduced pressure. The residue was dissolved in CHCl3 (17.7 mL, 0.2 M) and cooled to 0°C. 
TFA (17.7 mL) was added to a jacketed addition funnel cooled to 0°C, and then added 
dropwise over the course of 30 minutes to the reaction mixture at 0°C. After 20 minutes, 
ice water (20 mL) was added. The layers were separated and the aqueous layer was 
extracted 3x 20 mL of CHCl3. The organic layers were combined, dried over Na2SO4, 
filtered and concentrated under reduced pressure. The white solid was triturated with 
hexanes and filtered to afford pure bis-lactam 75 (0.723 g, 86% yield) as a white solid. 1H 
N
N
OH
HO 1) MsCl
Et3N, CH2Cl22) TFA, CHCl3
HN
NH
O
O
77
86%
over 2 steps
75
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NMR (500 MHz, CDCl3) δ 7.49 (d, J = 10.2 Hz, 2H), 3.13 (td, J = 10.0, 4.9 Hz, 2H), 2.33 
(d, J = 10.1 Hz, 4H), 1.48 (s, 6H), 1.41 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 179.44, 
55.87, 41.42, 39.92, 34.12, 27.11, 23.44. IR: 2964, 1638, 1414, 1166 cm-1 HRMS (ESI): 
m/z calcd. for [C13H23N2O2]+ 239.1760, obs. 239.1767 mp: 185°C 
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4,4,9,9-Tetramethyl-3,8-diazabicyclo[4.4.1]undecane (74) 
 
The bis-lactam 75 (0.723 g, 3.03 mmol, 1 equiv) was suspended in anhydrous CH2Cl2 (10.1 
mL, 0.3 M) and then cooled to -78°C. DIBAL-H (1.2 M in PhMe) (20.2 mL, 24.3 mmol, 8 
equiv) was added dropwise to the reaction mixture at -78°C. After completion of addition, 
the reaction mixture was raised to 23°C and stirred for 4 hours when LC/MS indicates 
complete conversion to the desired diamine. The clear solution was cooled to 0°C and 
sequentially quenched with 15 mL H2O, 7.8 mL 2M NaOH, and 25.5 g of Rochelle’s salt. 
The mixture was vigorously stirred until two clear layers were formed (~2 hours). The 
layers were separated and the aqueous layer was extracted 3x 20 mL CH2Cl2. The organic 
layers were combined, dried over Na2SO4, filtered, and concentrated under reduced 
pressure to afford the desired diamine 74 (0.615 g, 96% yield) as a colorless oil. 1H NMR 
(500 MHz, CDCl3) δ 2.96 (dd, J = 14.0, 3.0 Hz, 2H), 2.65 (dd, J = 14.0, 3.7 Hz, 2H), 2.16 
(t, J = 4.3 Hz, 2H), 2.10 – 1.96 (m, 2H), 1.81 (dd, J = 14.6, 9.8 Hz, 2H), 1.59 (dd, J = 14.7, 
8.1 Hz, 2H), 1.25 (s, 6H), 1.17 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 53.38, 51.23, 43.71, 
36.18, 35.97, 35.32, 23.71. IR: 2953, 1377, 1237 cm-1 HRMS (ESI): m/z calcd. for 
[C13H27N2]+ 211.2174, obs. 211.2171 
DIBAL-H
CH2Cl2
HN
NHHN
NH
O
O
75
96%
74
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(1S,6S)-4,4,9,9-Tetramethyl-3,8-diazabicyclo[4.4.1]undecane ((+)-74) 
 
Racemic tetramethyl diamine 74 (1.46 g, 6.94 mmol, 1 equiv) was dissolved in MeOH 
(3.24 mL, 2.14 M). Separately, (+)-O,O′-Di-p-toluoyl-D-tartaric acid (1.34 g, 3.47 mmol, 
0.5 equiv) was dissolved in MeOH (1.39 mL, 2.50 M). The tartaric acid solution was 
added dropwise to the solution of the diamine with vigorous stirring. After two hours of 
stirring, 15 mL of Et2O was added. The resulting white precipitate was filtered via 
Büchner funnel. The white solid was suspended in 15 mL of CH2Cl2 and 15 mL of 2M 
aq. NaOH and stirred until dissolution. The layers were separated and the aqueous was 
extracted 2x 15 mL CH2Cl2. The organics were combined, dried with Na2SO4, filtered 
and concentrated under reduced pressure to yield the enantioenriched diamine (+)-74 
(0.217 g, 15% yield, 96% ee) as a colorless oil. [α]25D 11.5° (c 0.10 CHCl3) 
HN
NH
(+)-DTTA
MeOH, Et2O
74
15%, 96% ee HN
NH
(+)-74
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Method for ee determination of 74 
 
Modified from Jacobsen34: 
In a test tube, the precipitated salt (0.027 g, 0.046 mmol) from the resolution was 
partitioned between 1 mL EtOAc and 1 mL 2 M NaOH. The solution was vortexed for 30 
seconds. Freshly distilled benzoyl chloride (0.020 mL, 0.184 mmol, 4 equiv) was added 
and the mixture was vortexed for 30 seconds. 0.250 mL of the organic layer was removed 
and added to 5 mL of MeOH. This solution was directly injected into the SFC for ee 
determination: Agilent 1260 Infinity SFC, OD-3 column, 10% MeOH/CO2, 2.5 mL/min, 
(R,R) 4.17 min, (S,S) 5.17 min. 
 
 
 
BzCl
2 M NaOH
EtOAc
74-(+)-DTTA salt
HN
NH
BzN
NBz
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3,4,4,8,9,9-Hexamethyl-3,8-diazabicyclo[4.4.1]undecane (73) 
 
The secondary diamine 74 (0.217 g, 1.03 mmol, 1 equiv) was dissolved in HCO2H (3.44 
mL, 0.3 M). 37% aq. CH2O (0.460 mL, 6.18 mmol, 6 equiv) was added and the mixture 
was heated to reflux for 5 hours when LC/MS indicated that the reaction was complete. 
The reaction mixture was cooled to 0°C and brought to pH 12 with 5M NaOH. The aqueous 
layer was extracted 3x 10 mL CH2Cl2. The organic layers were combined, dried over 
Na2SO4, filtered, and concentrated under reduced pressure to afford the desired bis-tertiary 
diamine 73 (0.194 g, 79% yield) as a colorless oil. 1H NMR (500 MHz, Benzene-d6) δ 2.62 
(dd, J = 13.6, 8.3 Hz, 2H), 2.46 (dd, J = 13.6, 5.5 Hz, 2H), 2.35 (s, 8H), 2.21 (dt, J = 13.0, 
5.3 Hz, 2H), 1.71 (dd, J = 14.9, 10.5 Hz, 2H), 1.38 (dd, J = 14.9, 7.5 Hz, 2H), 1.20 (s, 6H), 
1.02 (s, 6H). 13C NMR (126 MHz, Benzene-d6) δ 58.31, 56.40, 46.14, 39.14, 33.27, 26.92, 
24.90, 23.04. IR: 2937, 1259, 1125 cm-1 HRMS (ESI): m/z calcd. for [C15H31N2]+ 
239.2487, obs. 239.2476  
 
 
 
HN
NH
N
N
37% aq. CH2O
HCO2H
79%
7374
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(1R,6R)-2,7-Dimethyl-2,7-diazabicyclo[4.4.1]undecane methyllithium complex (87) 
 
The bis-tertiary diamine (-)-34 (0.050 g, 0.274 mmol, 1 equiv) was dissolved in pentane 
(3.4 mL, 0.08 M). The solution was cooled to -78°C. Methyllithium (1.6 M in Et2O) (0.256 
mL, 0.411 mmol, 1.5 equiv) was added to the pentane solution and a white precipitate 
formed immediately. The reaction was centrifuged and the pentane was decanted away 
with a syringe. The white solid was then dissolved in anhydrous Et2O and brought into a 
glovebox. A single crystal suitable for x-ray diffraction was grown from vapor diffusion of 
this ether solution with pentane at -20°C.  
N N
Li Li
Li
LiLiEt2O
Et2O
NN
Li
Li Li OEt2
OEt2
MeLi (1.6 M in Et2O)pentane
87
NN
(-)-34
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(1R,6R)-2,7-Dibenzyl-2,7-diazabicyclo[4.4.1]undecane (-)-98 
 
Bis-secondary diamine (-)-35 (0.050 g, 0.324 mmol, 1 equiv) was dissolved in anhydrous 
CH3CN. iPr2NEt (0.169 mL, 0.972 mmol, 3 equiv) and benzyl bromide (0.080 mL, 0.680 
mmol, 2.1 equiv) were added to the reaction at 23°C. The reaction was stirred at 23°C for 
2 hours when LC/MS indicated complete consumption of the starting material. The reaction 
mixture was concentrated under reduced pressure, and partitioned between 5 mL CH2Cl2 
and 5 mL 2M NaOH. The organic layer was separated and the aqueous layer was extracted 
2x 5 mL CH2Cl2. The organic layers were combined, dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was purified on SiO2 with 10% 
MeOH/CH2Cl2 to give the bis-tertiary diamine (-)-98 (0.121 g, quantitative yield) as a 
white foam. TLC: Rf: 0.37, 10% MeOH/CH2Cl2 (UV) 1H NMR (500 MHz, CDCl3) δ 7.40 
(d, J = 7.5 Hz, 4H), 7.32 (t, J = 7.4 Hz, 4H), 7.29 – 7.21 (m, 2H), 3.73 (d, J = 13.9 Hz, 2H), 
3.58 (d, J = 13.8 Hz, 2H), 3.13 (q, J = 6.3, 4.5 Hz, 2H), 2.81 (d, J = 7.3 Hz, 4H), 2.23 (t, J 
= 4.4 Hz, 2H), 1.90 (dt, J = 12.6, 9.6 Hz, 2H), 1.75 (dq, J = 11.4, 4.2 Hz, 4H), 1.68 – 1.59 
(m, 2H). 13C NMR (126 MHz, CDCl3) δ 128.68, 128.22, 126.88, 77.20, 59.83, 59.71, 
52.40, 36.31, 27.51, 25.01. IR: 2924, 1451, 1060, 696 cm-1 HRMS (ESI): m/z calcd. for 
[C23H31N2]+ 335.2487, obs 335.2499. [α]25D -8.24° (c 0.15 CHCl3) 
N
H
H
N
BnBr
iPr2NEtMeCN
N
N
Ph
Ph
quant.
(-)-35
(-)-98
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General procedure for allylic substitution reaction: 
 
Inside a glovebox, a dram vial was charged with [Pd(allyl)Cl]2 (0.005 g, 0.014 mmol, 0.05 
equiv), anhydrous CH3CN (0.548 mL, 0.5 M), and diamine ligand (0.027 mmol, 0.10 
equiv). The orange solution was stirred for 5 minutes before the allylic acetate (0.227 
mmol, 0.83 equiv) was added. The vial is removed from the glovebox and sodium 
dimethylmalonate (0.042 g, 0.274 mmol, 1 equiv) is added under a stream of argon and the 
reaction is stirred at 23°C for 16 hours. The reaction mixture was concentrated under 
reduced pressure and purified on SiO2 using 10% EtOAc/Hexanes as eluent. 
 
18 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.14 (m, 10H), 6.48 (d, J = 15.8 Hz, 1H), 6.33 
(dd, J = 15.8, 8.6 Hz, 1H), 4.27 (dd, J = 10.8, 8.6 Hz, 1H), 3.95 (d, J = 10.9 Hz, 1H), 3.71 
(s, 3H), 3.52 (s, 3H). Method for ee determination: Agilent 1260 Infinity SFC, IA-3 
column, 5% MeOH/CO2, 1.5 mL/min, (R) 2.90 min, (S) 3.16 min. 
(+)-34: 90% yield, 74% ee 
R1 R2
O
O
COOCH3H3COOC
Na
R1 R2
COOCH3H3COOC
[Pd(allyl)Cl]2
Ligand
MeCN
Ph Ph
MeO2C CO2Me
18
(+)-34: 90%, 74% ee
(-)-98: 26%, 26% ee
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(-)-98: 26% yield, 27% ee 
    
94 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.19 (m, 5H), 6.46 (d, J = 15.8 Hz, 1H), 6.13 (ddd, 
J = 15.8, 8.5, 1.0 Hz, 1H), 3.76 (d, J = 1.0 Hz, 3H), 3.68 (d, J = 1.0 Hz, 3H), 3.40 (dd, J = 
9.0, 1.0 Hz, 1H), 3.13 (q, J = 7.7 Hz, 1H), 1.20 (dd, J = 6.8, 1.0 Hz, 3H). Method for ee  
determination of major: Agilent 1260 Infinity SFC, OJ-3 column, 1% MeOH/CO2, 2.5 
mL/min, (R) 2.25 min, (S,S) 2.48 min. Method for ee determination of minor: 1H-NMR 
using (R)-(-)-1-(9-Anthryl)-2,2,2-trifluoroethanol. 
(+)-34: 57% yield, 3:1 rr, major 27% ee, minor 19% ee.  
Ph Me Ph Me
CO2MeMeO2C
94
27% ee
95
20% ee
MeO2C CO2Me
  
128 
1,1'-((1R,6R)-2,7-Diazabicyclo[4.4.1]undecane-2,7-diyl)bis(2-chloroethan-1-one) 
(121) 
 
The chiral secondary diamine (-)-35 (1.5 g, 9.72 mmol, 1 equiv) was dissolved in CHCl3 
(11.8 mL, 0.83 M) in a two-neck round-bottom flask equipped with two addition funnels. 
Deionized H2O (5.9 mL) was added to the reaction mixture, which was subsequently 
cooled to 0°C. Separately, K2CO3 (5.37 g, 38.9 mmol, 4 equiv) was dissolved in H2O (194 
mL, 0.2 M), and this was added to the first addition funnel. Also separately, chloroacetoyl 
chloride (3.10 mL, 38.9 mmol, 4 equiv) was dissolved in CHCl3 (19.5 mL, 2 M), and this 
was added to the second addition funnel. Both the K2CO3 solution and chloroacetoyl 
chloride solution were then added to the reaction flask simultaneously in a dropwise 
manner. After addition was complete, the reaction was stirred at 23°C for 3 hours when 
LC/MS indicated complete consumption of the starting material. The reaction was diluted 
with 50 mL CHCl3 and the layers were separated. The aqueous layer was extracted 1x with 
50 mL CHCl3. The organic layers were combined, dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was purified via flash chromatography 
on SiO2 using EtOAc as eluent to afford the desired bis-chloroacetamide 121 (2.58 g, 86% 
N
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Cl
N
H
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N
ClCH2COClK2CO3CHCl3, H2O
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yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 5.40 – 5.13 (m, 1H), 5.00 – 4.73 
(m, 1H), 4.35 (p, J = 9.1, 8.5 Hz, 1H), 4.21 – 4.05 (m, 4H), 3.92 (td, J = 16.2, 4.4 Hz, 1H), 
3.64 – 3.46 (m, 1H), 3.03 (td, J = 13.3, 6.9 Hz, 1H), 2.39 – 2.02 (m, 5H), 1.95 (qd, J = 12.6, 
8.6, 6.2 Hz, 3H), 1.74 (q, J = 13.3, 12.9 Hz, 1H), 1.62 (d, J = 12.8 Hz, 1H). 13C NMR (126 
MHz, CDCl3) δ 165.88, 165.60, 55.11, 55.03, 50.10, 49.69, 46.35, 42.40, 42.19, 42.06, 
41.97, 41.70, 41.64, 39.34, 38.25, 36.64, 29.48, 29.40, 28.17, 28.11, 25.99, 25.80, 25.08. 
IR: 2936, 1629, 1430, 728 cm-1 HRMS (ESI): m/z calcd. for [C13H21N2O2Cl2]+ 307.0980, 
obs. 307.0986 [α]25D 9.78° (c 0.20 CHCl3) 
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Tetra-lactam (122) 
 
The secondary diamine (-)-35 (0.797 g, 5.17 mmol, 1 equiv), the bis-chloroacetamide 121 
(1.59 g, 5.17 mmol, 1 equiv), and Na2CO3 (2.0 g, 18.9 mmol, 3.65 equiv) were suspended 
in anhydrous CH3CN (172 mL, 0.03 M). The reaction mixture was heated to reflux for 24 
hours when LC/MS indicated that the starting material was fully consumed. The reaction 
mixture was cooled to 23°C and filtered through a pad of celite. The filtrate was 
concentrated under reduced pressure and purified using 10% MeOH/CH2Cl2, 1% NH4OH. 
The tetralactam 122 (0.50 g, 25% yield) was isolated as a colorless oil. 1H NMR (500 
MHz, CDCl3) δ 5.18 (tt, J = 8.2, 4.6 Hz, 3H), 4.82 (d, J = 14.2 Hz, 2H), 4.27 (d, J = 14.6 
Hz, 2H), 3.69 (dd, J = 23.4, 12.7 Hz, 4H), 3.47 – 2.91 (m, 6H), 2.77 (d, J = 12.7 Hz, 3H), 
2.73 – 2.63 (m, 6H), 2.54 (dd, J = 14.1, 11.0 Hz, 2H), 2.31 – 1.47 (m, 40H), 1.23 (d, J = 
20.6 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 171.13, 63.92, 63.72, 63.35, 63.23, 63.01, 
61.62, 60.24, 53.76, 53.55, 51.57, 50.65, 50.36, 49.95, 46.82, 42.75, 42.50, 39.81, 39.22, 
36.75, 36.01, 33.41, 29.87, 29.80, 29.10, 28.23, 28.08, 27.79, 26.77, 26.22, 25.70, 25.56, 
25.41, 23.32. IR: 2927, 1630, 1438, 749 cm-1 HRMS (ESI): m/z calcd. for [C44H73N8O4]+ 
777.5755, obs. 777.5745 [α]25D 11.35° (c 0.8 CHCl3) 
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Octamine (124) 
 
The tetralactam 122 (0.5 g, 0.643 mmol, 1 equiv) was dissolved in anhydrous THF (4.3 
mL, 0.5 M). The reaction mixture was charged with BH3-THF complex (1M in THF) (10.3 
mL, 10.3 mmol, 16 equiv) at 23°C. The reaction mixture was then heated to reflux for 24 
hours. The reaction was cooled to 23°C and 6 mL of H2O was carefully added to quench 
the reaction. The reaction mixture was concentrated under reduced pressure, subsequently 
dissolved in 20 mL 6M HCl, and heated to reflux for 2.5 hours. It was then cooled to 0°C 
and brought to pH 12 with 5M NaOH solution. The resultant precipitate was collected and 
dried under high-vacuum to obtain the octamine 124 (0.174 g, 38% yield) as a colorless 
foam. 1H NMR (500 MHz, Benzene-d6) δ 2.99 (p, J = 5.1 Hz, 8H), 2.81 (ddd, J = 13.6, 
8.3, 2.1 Hz, 8H), 2.71 – 2.55 (m, 16H), 2.48 – 2.29 (m, 7H), 2.06 (t, J = 4.4 Hz, 7H), 2.01 
– 1.85 (m, 18H), 1.59 (dq, J = 13.0, 6.1 Hz, 9H), 1.42 (td, J = 11.4, 7.5 Hz, 8H). 13C NMR 
(126 MHz, Benzene-d6) δ  61.65, 55.45, 52.79, 36.28, 31.79, 26.50. IR: 2922, 2790, 1048 
cm-1 HRMS (ESI): m/z calcd. for [C44H82N4]+2 361.3331 , obs. 361.3326 [α]25D -11.07° (c 
0.20 CHCl3) 
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Tetraammonium salt (125) 
 
Octamine 124 (0.05 g, 0.069 mmol, 1 equiv) was dissolved in anhydrous THF (1.39 mL, 
0.05 M). Separately, ZnCl2 (1M in Et2O) (0.139 mL, 0.139 mmol, 2 equiv) was dissolved 
in THF (1.39 mL, 0.1 M) and then added to the amine solution. A white precipitate forms 
immediately, and the reaction mixture was stirred for 1 hour. The tetraammonium salt 125 
(0.05 g, 32% yield) was collected and dried under reduced pressure. A single crystal 
suitable for x-ray analysis was grown from slow evaporation of a methanol solution. 
ZnCl2THF
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di-tert-Butyl 7,7'-(ethane-1,2-diyl)(1R,1'R,6R,6'R)-bis(2,7-
diazabicyclo[4.4.1]undecane-2-carboxylate) (129) 
 
Mono-protected diamine 59 (1.46 g, 5.74 mmol) was dissolved in anhydrous CH3CN (57.4 
mL, 0.1 M). Dibromoethane (0.248 mL, 2.87 mmol, 0.5 equiv) was then added, followed 
by NaHCO3 (1.21 g, 14.3 mmol, 2.5 equiv). The mixture was heated at reflux for 16 hours 
when LC/MS indicated complete consumption of the starting material. The reaction was 
cooled to 23°C and concentrated under reduced pressure. The residue was partitioned 
between 20 mL CH2Cl2 and 20 mL 2M NaOH. The organic layer was separated and the 
aqueous layer was extracted 2x 20 mL CH2Cl2. The organic layers were combined, dried 
over Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified 
via flash chromatography using 5% MeOH/CH2Cl2, 1% NH4OH on SiO2. The protected 
tetramine 129 (1.06 g, 69% yield) was isolated as a colorless oil. 1H NMR (500 MHz, 
CDCl3)  δ 4.56 (d, J = 86.9 Hz, 2H), 3.97 (s, 2H), 3.36 (t, J = 12.6 Hz, 2H), 3.09 (s, 2H), 
2.96 – 2.75 (m, 4H), 2.69 (s, 4H), 2.29 (d, J = 44.8 Hz, 6H), 1.95 – 1.81 (m, 10H), 1.69 (d, 
J = 4.8 Hz, 4H), 1.66 – 1.51 (m, 7H), 1.51 – 1.39 (m, 18H). 13C NMR (126 MHz, CDCl3) 
δ 155.52, 79.34, 77.37, 60.60, 54.68, 52.61, 52.01, 44.62, 36.66, 28.63, 27.21, 25.32, 24.83. 
1,2-dibromoethane
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IR: 2929, 1670, 1324, 1101 cm-1 HRMS (ESI): m/z calcd. for [C30H55N4O4]+ 535.4223, 
obs. 535.4233 [α]25D -21.53° (c 0.18 CHCl3) 
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1,2-di((1R,6R)-2,7-Diazabicyclo[4.4.1]undecan-2-yl)ethane (128) 
 
Bis-Boc protected tetramine 129 (1.06 g, 1.98 mmol) was dissolved in anhydrous CH2Cl2 
(9.9 mL, 0.2 M). The solution was cooled to 0°C and TFA (9.9 mL) was added dropwise. 
After completion of addition, the reaction was raised to 23°C and stirred for 2 hours when 
LC/MS showed complete conversion to the desired unprotected tetramine. The mixture 
was concentrated under reduced pressure and partitioned between 20 mL CHCl3 and 20 
mL 2M NaOH. The organic layer was separated and the aqueous layer was extracted 2x 
with 20 mL CHCl3. The organic layers were combined, dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The tetramine 128 (0.602 g, 92% yield) was isolated 
as a yellow oil and used without further purification. 1H NMR (500 MHz, CDCl3) δ 3.25 
(dt, J = 6.7, 3.4 Hz, 2H), 3.10 (dt, J = 14.1, 3.6 Hz, 2H), 2.88 (dq, J = 5.1, 2.5 Hz, 2H), 
2.78 – 2.59 (m, 4H), 2.53 (ddt, J = 14.1, 7.7, 3.3 Hz, 4H), 2.37 (td, J = 10.3, 9.9, 4.0 Hz, 
2H), 2.15 – 2.08 (m, 2H), 2.04 – 1.93 (m, 4H), 1.86 (dt, J = 12.7, 4.0 Hz, 2H), 1.68 (dddt, 
J = 18.7, 11.1, 7.3, 3.6 Hz, 7H), 1.48 – 1.36 (m, 2H), 1.39 – 1.28 (m, 2H). 13C NMR (126 
MHz, CDCl3) δ 59.79, 55.90, 53.17, 52.72, 46.82, 38.43, 34.84, 34.80, 28.74, 27.66. IR: 
TFA
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2918, 1458, 1135 cm-1 HRMS (ESI): m/z calcd. for [C20H39N4]+ 335.3175, obs. 335.3161 
[α]25D -12.43° (c 0.14 CHCl3) 
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1,2-bis((1R,6R)-7-Methyl-2,7-diazabicyclo[4.4.1]undecan-2-yl)ethane (130) 
 
The tetramine 128 (0.300 g, 0.897 mmol) was dissolved in HCO2H (3 mL, 0.3 M). 37% 
aq. CH2O (0.4 mL, 5.38 mmol, 6 equiv) was added and the reaction was heated to reflux 
for 2 hours. After two hours, LC/MS indicated that the reaction was complete and it was 
cooled to 23°C. The reaction was taken up in 5 mL 2N HCl, and extracted 2x 10 mL 
CH2Cl2. The aqueous layer was brought to pH 12 with 5M NaOH, and subsequently 
extracted 3x 10 mL CH2Cl2. The organic layers were combined, dried over Na2SO4, 
filtered, and concentrated under reduced pressure. It was concentrated under reduced 
pressure to get the methylated tetramine 130 (0.226 g, 70% yield) as a yellow oil. The 
tetramine was used without further purification. 1H NMR (500 MHz, CDCl3) δ 3.11 (s, 
2H), 3.00 (tt, J = 8.8, 4.5 Hz, 2H), 2.85 (s, 2H), 2.81 – 2.74 (m, 2H), 2.77 – 2.66 (m, 4H), 
2.63 (s, 2H), 2.52 (d, J = 10.2 Hz, 2H), 2.34 (s, 6H), 2.12 (t, J = 4.5 Hz, 4H), 1.82 – 1.57 
(m, 10H). 13C NMR (126 MHz, CDCl3) δ 62.05, 60.78, 54.83, 52.99, 44.57, 36.54, 27.08, 
26.23, 24.96. IR: 2923, 1458, 1118 cm-1 HRMS (ESI): m/z calcd. for [C22H43N4]+ 
363.3488, obs. 363.3493 [α]25D -13.98° (c 0.18 CHCl3) 
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1,2-bis((1R,6R)-7-Methyl-2,7-diazabicyclo[4.4.1]undecan-2-yl)ethane NiCl2 complex 
(131) 
 
In a glovebox, the tetramine 130 (0.025 g, 0.069 mmol, 1 equiv) was dissolved in 
anhydrous THF (0.5 mL, 0.14 M). Separately, NiCl2-DME (0.015 g, 0.069 mmol, 1 equiv) 
was dissolved in anhydrous THF (0.5 mL, 0.14 M). The tetramine solution was added to 
the NiCl2-DME solution and became a deep purple color upon addition. It was stirred for 
1 hour. Vapor diffusion of this THF reaction mixture with Et2O did not yield crystals, 
however the slow evaporation of this THF/Et2O mixture provided a single crystal suitable 
for X-ray analysis.  
NiCl2-DMETHF
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(1S,5S,15S,19S)-5,8,12,15-Tetraazatricyclo[13.5.0.05,19]icosane-7,13-dione (135) 
 
The enantioenriched secondary diamine (-)-35 (0.100 g, 0.648 mmol, 1 equiv) was 
dissolved in anhydrous CH3CN (65 mL, 0.01 M). To this mixture was added Na2CO3 
(0.250 g, 2.37 mmol, 3.65 equiv) and the bis-chloroacetamide 134 (0.147 g, 0.648 mmol, 
1 equiv). The reaction mixture was heated to reflux for 16 hours. The reaction mixture was 
cooled to 23°C, filtered over a pad a celite, and concentrated under reduced pressure. The 
residue was purified via flash chromatography on SiO2 using 5% MeOH/CH2Cl2 as eluent 
to give the bis-lactam 135 (0.138 g, 69% yield) as a colorless oil. 1H NMR (500 MHz, 
CDCl3) δ 8.11 (s, 2H), 3.73 (ddd, J = 13.8, 11.5, 6.6 Hz, 2H), 3.38 – 3.28 (m, 4H), 3.13 – 
3.07 (m, 2H), 3.00 (ddd, J = 14.1, 12.2, 1.5 Hz, 2H), 2.92 (d, J = 17.4 Hz, 2H), 2.55 (dt, J 
= 14.4, 3.9 Hz, 2H), 2.14 – 2.08 (m, 2H), 2.02 (d, J = 15.3 Hz, 2H), 1.92 – 1.82 (m, 2H), 
1.86 – 1.73 (m, 2H), 1.72 – 1.63 (m, 2H), 1.38 (tdd, J = 15.4, 5.4, 2.5 Hz, 2H). 13C NMR 
(126 MHz, CDCl3) δ δ 171.76, 60.00, 59.38, 55.70, 40.10, 37.88, 34.39, 28.15, 28.05. IR:  
3312, 2933, 1662, 1536 cm-1 HRMS (ESI): m/z calcd. for [C16H29N4O2]+ 309.2291, obs. 
309.2291 [α]25D -22.37° (c 0.23 CHCl3) 
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(1S,5S,14S,18S)-5,8,11,14-Tetraazatricyclo[12.5.0.05,18]nonadecane-7,12-dione (137) 
 
The enantioenriched secondary diamine (-)-35 (0.020 g, 0.129 mmol, 1 equiv) was 
dissolved in anhydrous CH3CN (12.9 mL, 0.01 M). To this mixture was added Na2CO3 
(0.050 g, 0.470 mmol, 3.65 equiv) and the bis-chloroacetamide 136 (0.028 g, 0.129 mmol, 
1 equiv). The reaction mixture was heated to reflux for 16 hours. The reaction mixture was 
cooled to 23°C, filtered over a pad a celite, and concentrated under reduced pressure. The 
residue was purified via flash chromatography on SiO2 using 5% MeOH/CH2Cl2 as eluent 
to give the bis-lactam 137 (0.019 g, 50% yield) as a white foam. 1H NMR (500 MHz, 
DMSO-d6) δ 8.28 (s, 1H), 8.07 (s, 2H), 3.30 (td, J = 4.4, 2.7 Hz, 2H), 3.22 – 3.13 (m, 3H), 
3.04 – 2.91 (m, 4H), 2.72 (dd, J = 22.1, 14.7 Hz, 4H), 2.06 – 1.96 (m, 4H), 1.77 – 1.62 (m, 
1H), 1.41 (t, J = 4.7 Hz, 1H), 1.40 – 1.30 (m, 2H), 1.34 – 1.21 (m, 2H). 13C NMR (126 
MHz, DMSO) δ 172.94, 166.63, 60.43, 59.94, 56.24, 43.07, 38.98, 38.86, 37.86, 34.16, 
27.76. IR: 2938, 1650, 1529, 1462, 726 cm-1 HRMS (ESI): m/z calcd. for [C15H27N4O2]+ 
295.2134, obs. 295.2140 [α]25D -7.11° (c 0.17 CHCl3) 
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(1S,5S,15S,19S)-5,8,12,15-Tetraazatricyclo[13.5.0.05,19]icosane (132) 
 
The bis-lactam 135 (0.115 g, 0.373 mmol, 1 equiv) was dissolved in anhydrous CH2Cl2 
(1.25 mL, 0.3 M) and cooled to -78°C. DIBAL-H (1.2M in PhMe) (2.50 mL, 2.98 mmol, 
8 equiv) was added dropwise at -78°C. Upon completion of addition, the reaction mixture 
was warmed to 23°C and stirred for 4 hours. The reaction was cooled to 0°C and quenched 
with 2 mL deionized H2O, 1.25 mL 2 M NaOH, and 3.1 g Rochelle’s salt. The mixture was 
stirred vigorously for 3 hours when two clear layers were apparent. This mixture was added 
to 5 mL CH2Cl2 and 5 mL 2 M NaOH. The layers were separated and the aqueous layer 
was extracted 3x 5 mL CH2Cl2. The organic layers were combined, dried over Na2SO4, 
filtered, and concentrated under reduced pressure to get the tetraazamacrocycle 132 (0.083 
g, 79% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 2.98 – 2.84 (m, 4H), 2.77 
(t, J = 5.9 Hz, 4H), 2.72 – 2.55 (m, 8H), 2.23 (d, J = 12.9 Hz, 2H), 2.16 – 2.01 (m, 4H), 
1.86 (q, J = 6.0 Hz, 2H), 1.81 – 1.71 (m, 2H), 1.62 – 1.48 (m, 2H), 1.27 (tdd, J = 13.7, 5.6, 
2.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 60.93, 52.98, 51.82, 49.24, 48.78, 39.66, 
33.76, 27.62. IR: 2930, 2799, 1466, 1120 cm-1 HRMS (ESI): m/z calcd. for [C16H33N4]+ 
281.2705, obs. 281.2705 [α]25D -0.81° (c 0.27 CHCl3) 
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(1S,5S,14S,18S)-5,8,11,14-Tetraazatricyclo[12.5.0.05,18]nonadecane (133) 
 
The bis-lactam 135 (0.020 g, 0.068 mmol, 1 equiv) was dissolved in anhydrous CH2Cl2 
(0.225 mL, 0.3 M) and cooled to -78°C. DIBAL-H (1.2M in PhMe) (0.452 mL, 0.543 
mmol, 8 equiv) was added dropwise at -78°C. Upon completion of addition, the reaction 
mixture was warmed to 23°C and stirred for 2 hours. The reaction was cooled to 0°C and 
quenched with 0.350 mL deionized H2O, 0.230 mL 2 M NaOH, and 0.570 g Rochelle’s 
salt. The mixture was stirred vigorously for 3 hours when two clear layers were apparent. 
This mixture was added to 5 mL CH2Cl2 and 5 mL 2 M NaOH. The layers were separated 
and the aqueous layer was extracted 3x 5 mL CH2Cl2. The organic layers were combined, 
dried over Na2SO4, filtered, and concentrated under reduced pressure to get the 
tetraazamacrocycle 133 (0.022 g, quantitative yield) as a colorless oil. 1H NMR (500 MHz, 
CDCl3) δ 2.92 (p, J = 3.9, 3.3 Hz, 4H), 2.85 – 2.68 (m, 4H), 2.63 (t, J = 9.3 Hz, 2H), 2.51 
(dt, J = 14.4, 3.8 Hz, 4H), 2.38 (td, J = 11.6, 2.7 Hz, 2H), 2.23 (dt, J = 12.5, 2.7 Hz, 2H), 
2.06 – 1.94 (m, 4H), 1.90 – 1.73 (m, 2H), 1.54 – 1.43 (m, 2H), 1.32 – 1.16 (m, 2H). 13C 
NMR (126 MHz, CDCl3) δ 60.53, 53.30, 53.19, 49.47, 48.91, 39.81, 33.52, 27.58. IR: 
3378, 2928, 1466, 1333 cm-1 HRMS (ESI): m/z calcd. for [C15H31N4]+ 267.2549, obs. 
267.2567 [α]25D 4.20° (c 0.37 CHCl3) 
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(1S,5S,15S,19S)-5,8,12,15-Tetraazatricyclo[13.5.0.05,19]icosane Ni(NO3)2 complex 
(138) 
 
The tetraazamacrocycle (0.036 g, 0.128 mmol, 1 equiv) was added to anhydrous CH3CN 
(1.28 mL, 0.2 M). Ni(NO3)2-6H2O (0.037 g, 0.128 mmol, 1 equiv) was added to the 
tetraazamacrocycle solution and the mixture was then degassed by bubbling Ar through for 
15 minutes. The reaction mixture was heated to reflux for 3 hours. It was cooled to 23°C 
and diluted with 5 mL of CH3CN and then triturated with 20 mL of Et2O resulting in a 
yellow precipitate. The suspension was centrifuged and the solvent was decanted. 
Trituration with 20 mL Et2O, centrifugation, and decantation were repeated 2x more. The 
yellow film was then dried under high-vacuum to get the Ni complex (0.040 g, 67% yield) 
as a yellow solid. A single crystal suitable for X-ray analysis was grown from the vapor 
diffusion of ether into a solution of 138 in methanol. HRMS (ESI): m/z calcd. for 
[C16H31N4Ni]+ 337.1902, obs. 337.1937 mp: 264°C 
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(1S,5S,14S,18S)-5,8,11,14-Tetraazatricyclo[12.5.0.05,18]nonadecane Ni(NO3)2 
complex (139) 
 
The tetraazamacrocycle 133 (0.100 g, 0.375 mmol, 1 equiv) was added to anhydrous 
CH3CN (1.90 mL, 0.2 M). Separately, Ni(NO3)2-6H2O (0.109 g, 0.375 mmol, 1 equiv) was 
suspended in anhydrous CH3CN (1.90 mL, 0.2 M). The Ni(NO3)2 suspension was added to 
the tetraazamacrocycle solution and the mixture was then degassed by bubbling Ar through 
for 15 minutes. The reaction mixture was heated to reflux for 16 hours. It was cooled to 
23°C and diluted with 5 mL of CH3CN and then triturated with 20 mL of Et2O resulting in 
a tan precipitate. The suspension was centrifuged and the solvent was decanted. Trituration 
with 20 mL Et2O, centrifugation, and decantation were repeated 2x more. The tan solid 
was then dried under high-vacuum to get the Ni complex 139 (0.126 g, 75% yield) as a 
light brown powder. A single crystal suitable for x-ray analysis was grown from the slow 
evaporation of a methanol solution. HRMS (ESI): m/z calcd. for [C15H29N4Ni]+ 323.1746, 
obs. 323.1750 mp: 272°C 
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6. SPECTRA & X-RAY CRYSTALLOGRAPHY DATA 
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X-ray Structure Determination of Compound 47 
 
 
 
Compound 47, C23H24N6O11, crystallizes in the monoclinic space group P21/n (systematic absences 
0k0: k=odd and h0l: h+l=odd) with a=17.7611(12)Å, b=6.7132(4)Å, c=21.4546(14)Å, β=108.886(2)°, 
V=2420.4(3)Å3, Z=4, and dcalc=1.538 g/cm3 . X-ray intensity data were collected on a Bruker D8QUEST [1] 
CMOS area detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a temperature 
of 100K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation frames with exposures 
of 10 seconds. A total of 1212 frames were collected with a crystal to detector distance of 34.0 mm, rotation 
widths of 0.5° and exposures of 30 seconds: 
scan type 2θ ω φ χ Frames 
w 0.00 194.06 288.00 54.72 303 
w 0.00 194.06 72.00 54.72 303 
w 0.00 194.06 144.00 54.72 303 
w 0.00 194.06 0.00 54.72 303 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) 
values. A total of 44391 reflections were measured over the ranges 6.392 ≤ 2θ ≤ 50.918°, -21 ≤ h ≤ 21, -8 ≤ 
k ≤ 8, -25 ≤ l ≤ 25 yielding 4439 unique reflections (Rint = 0.0566). The intensity data were corrected for 
Lorentz and polarization effects and for absorption using SADABS [3] (minimum and maximum 
transmission 0.7024, 0.7452). The structure was solved by direct methods - ShelXT [4]. Refinement was by 
full-matrix least squares based on F2 using SHELXL-2018 [5]. All reflections were used during refinement. 
The weighting scheme used was w=1/[σ2(Fo2 )+ (0.0458P)2 + 2.9911P] where P = (Fo2 + 2Fc2)/3. Non-
hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0485 and wR2=0.1134 for 3693 observed reflections for which F > 4σ(F) 
N
H
NH
NO2
O2N
O
H
+
[3,5-dinitrobenzoate]-
H
 286 
and R1=0.0603 and wR2=0.1211 and GOF =1.048 for all 4439 unique, non-zero reflections and 362 
variables. The maximum Δ/σ in the final cycle of least squares was 0.000 and the two most prominent peaks 
in the final difference Fourier were +0.73 and -0.58 e/Å3.  
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed.  
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Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 47  
 
Empirical formula  C23H24N6O11  
Formula weight  560.48  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21/n  
a  17.7611(12)Å  
b  6.7132(4)Å  
c  21.4546(14)Å  
β  108.886(2)°  
Volume  2420.4(3)Å3  
Z  4  
dcalc  1.538 g/cm3  
μ  0.125 mm-1  
F(000)  1168.0  
Crystal size, mm  0.22 × 0.16 × 0.08  
2θ range for data collection      6.392 - 50.918°  
Index ranges  -21 ≤ h ≤ 21, -8 ≤ k ≤ 8, -25 ≤ l ≤ 25  
Reflections collected  44391  
Independent reflections  4439[R(int) = 0.0566]  
Data/restraints/parameters  4439/0/362  
Goodness-of-fit on F2  1.048  
Final R indexes [I>=2σ (I)]  R1 = 0.0485, wR2 = 0.1134  
Final R indexes [all data]  R1 = 0.0603, wR2 = 0.1211  
Largest diff. peak/hole  0.73/-0.58 eÅ-3  
 
  
 289 
Table 2 . Refined Positional Parameters for Compound 47 
Atom x y z U(eq) 
C1 0.79375(14) 0.8207(3) 0.52818(11) 0.0268(5) 
C2 0.70504(13) 0.7825(4) 0.50346(11) 0.0284(5) 
C3 0.67454(14) 0.6481(4) 0.54668(11) 0.0319(6) 
C4 0.67912(13) 0.4249(4) 0.53577(10) 0.0262(5) 
C5 0.76193(13) 0.3430(4) 0.54028(11) 0.0268(5) 
C6 0.83404(12) 0.4733(3) 0.57314(10) 0.0225(5) 
C7 0.91310(13) 0.3662(4) 0.58801(12) 0.0304(5) 
C8 0.97270(14) 0.5356(4) 0.59714(12) 0.0324(6) 
C9 0.92994(13) 0.6868(4) 0.54590(12) 0.0326(6) 
C10 0.54947(12) 0.3008(3) 0.46522(10) 0.0208(5) 
C11 0.49289(12) 0.2893(3) 0.3954(1) 0.0188(4) 
C12 0.43925(12) 0.1315(3) 0.37787(10) 0.0214(5) 
C13 0.38534(12) 0.1274(3) 0.31477(10) 0.0222(5) 
C14 0.38169(12) 0.2722(3) 0.26828(10) 0.0223(5) 
C15 0.43542(13) 0.4255(3) 0.28771(10) 0.0224(5) 
C16 0.49111(13) 0.4383(3) 0.35012(10) 0.0225(5) 
N1 0.84185(10) 0.6392(3) 0.52822(8) 0.0221(4) 
N2 0.62201(10) 0.3710(3) 0.47167(8) 0.0256(4) 
N3 0.32796(12) -0.0375(3) 0.29544(10) 0.0367(5) 
N4 0.43506(14) 0.5809(3) 0.23934(10) 0.0364(5) 
O1 0.52707(9) 0.2502(2) 0.51136(7) 0.0261(4) 
O2 0.29651(11) -0.0717(3) 0.23662(9) 0.0466(5) 
O3 0.31180(15) -0.1250(4) 0.33918(11) 0.0831(10) 
O4 0.38550(12) 0.5686(3) 0.18461(9) 0.0495(5) 
O5 0.48488(16) 0.7116(3) 0.25522(10) 0.0696(8) 
C17 0.67816(12) 0.5170(3) 0.1722(1) 0.0176(4) 
C18 0.74727(12) 0.5283(3) 0.15644(10) 0.0177(4) 
C19 0.81726(12) 0.5377(3) 0.20878(10) 0.0165(4) 
C20 0.81936(12) 0.5370(3) 0.27369(10) 0.0166(4) 
C21 0.74861(12) 0.5217(3) 0.28773(10) 0.0159(4) 
C22 0.67690(12) 0.5110(3) 0.23633(10) 0.0166(4) 
C23 0.74917(12) 0.5145(3) 0.35874(10) 0.0183(4) 
N5 0.60228(11) 0.5083(3) 0.11787(9) 0.0236(4) 
N6 0.89254(11) 0.5534(3) 0.19423(9) 0.0226(4) 
O6 0.54345(10) 0.4558(3) 0.13110(9) 0.0391(5) 
O7 0.60194(10) 0.5536(3) 0.06244(7) 0.0338(4) 
O8 0.68589(9) 0.4670(2) 0.36769(7) 0.0262(4) 
O9 0.81457(9) 0.5583(3) 0.40152(7) 0.0279(4) 
O10 0.89234(10) 0.5021(3) 0.13947(8) 0.0322(4) 
O11 0.95037(9) 0.6182(3) 0.23790(8) 0.0288(4) 
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Table 3 . Positional Parameters for Hydrogens in Compound 47  
Atom x y z U(eq) 
H1a 0.806643 0.923389 0.500084 0.036 
H1b 0.80876 0.874175 0.57357 0.036 
H2a 0.69094 0.722222 0.459035 0.038 
H2b 0.677119 0.91198 0.498882 0.038 
H3a 0.618292 0.683033 0.539866 0.042 
H3b 0.705036 0.677428 0.593253 0.042 
H4 0.662157 0.355854 0.570333 0.035 
H5a 0.769422 0.214871 0.564341 0.036 
H5b 0.761571 0.313535 0.49497 0.036 
H6 0.829343 0.531023 0.614691 0.03 
H7a 0.913576 0.278783 0.550978 0.04 
H7b 0.924659 0.285123 0.628578 0.04 
H8a 0.98658 0.59252 0.64202 0.043 
H8b 1.021965 0.489011 0.58966 0.043 
H9a 0.947256 0.676135 0.506561 0.043 
H9b 0.941008 0.823493 0.563826 0.043 
H12 0.439691 0.029131 0.408554 0.028 
H14 0.344078 0.266321 0.225196 0.03 
H16 0.527312 0.546831 0.361647 0.03 
H1 0.823904 0.585233 0.482297 0.026 
H2 0.635999 0.385295 0.436149 0.034 
H18 0.746829 0.529507 0.11205 0.024 
H20 0.86868 0.546817 0.308325 0.022 
H22 0.627948 0.499863 0.245082 0.022 
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Table 4 . Refined Thermal Parameters (U's) for Compound 47 
 
Atom U11 U22 U33 U23 U13 U12 
C1 0.0319(12) 0.0234(12) 0.0208(11) -0.0035(9) 0.0024(9) 0.0034(10) 
C2 0.0283(12) 0.0301(13) 0.0211(11) -0.0069(10) -0.0001(9) 0.0083(10) 
C3 0.0215(11) 0.0486(16) 0.0238(12) -0.0105(11) 0.0047(9) 0.0071(11) 
C4 0.0215(11) 0.0405(14) 0.0161(10) -0.0005(10) 0.0053(9) -0.0048(10) 
C5 0.0292(12) 0.0269(12) 0.0216(11) 0.0009(9) 0.0045(9) 0.0012(10) 
C6 0.0216(10) 0.0278(12) 0.0151(10) -0.0008(9) 0.0016(8) 0.0041(9) 
C7 0.0276(12) 0.0331(13) 0.0257(12) -0.0002(10) 0.0021(10) 0.0095(10) 
C8 0.0227(11) 0.0472(15) 0.0240(12) -0.0033(11) 0.0028(9) 0.0053(11) 
C9 0.0200(11) 0.0462(15) 0.0280(12) -0.0035(11) 0.0029(9) -0.0067(11) 
C10 0.0217(11) 0.0239(11) 0.017(1) 0.0007(9) 0.0066(8) 0.0000(9) 
C11 0.0165(10) 0.0248(11) 0.016(1) -0.0012(9) 0.0066(8) 0.0015(8) 
C12 0.0183(10) 0.0272(12) 0.0201(10) 0.0027(9) 0.0080(8) 0.0031(9) 
C13 0.0136(10) 0.0282(12) 0.0239(11) -0.0023(9) 0.0047(8) -0.0003(9) 
C14 0.0176(10) 0.0308(12) 0.0173(10) -0.0028(9) 0.0038(8) 0.0065(9) 
C15 0.0268(11) 0.0227(11) 0.0172(10) 0.0020(9) 0.0065(9) 0.0042(9) 
C16 0.0249(11) 0.0233(11) 0.0183(10) -0.0017(9) 0.0054(9) -0.0018(9) 
N1 0.0205(9) 0.0267(10) 0.0156(9) -0.0021(7) 0.0014(7) -0.0003(8) 
N2 0.0217(9) 0.0425(12) 0.0134(9) -0.0013(8) 0.0069(7) -0.0064(8) 
N3 0.0271(11) 0.0423(13) 0.0332(12) 0.0042(10) -0.0005(9) -0.0104(10) 
N4 0.0508(13) 0.0322(12) 0.019(1) 0.0048(9) 0.0014(9) -0.0005(10) 
O1 0.0228(8) 0.0372(9) 0.0176(8) 0.0049(7) 0.0054(6) -0.0036(7) 
O2 0.0394(10) 0.0620(13) 0.0345(10) -0.0139(10) 0.0068(8) -0.0217(10) 
O3 0.0752(16) 0.096(2) 0.0482(13) 0.0342(13) -0.0207(12) -0.0592(15) 
O4 0.0614(13) 0.0492(12) 0.0225(9) 0.0120(9) -0.0076(9) -0.0023(10) 
O5 0.1014(19) 0.0501(14) 0.0351(11) 0.0172(10) -0.0085(11) -0.0401(13) 
C17 0.0186(10) 0.0138(10) 0.0165(10) -0.0008(8) 0.0004(8) -0.0014(8) 
C18 0.0269(11) 0.0132(10) 0.0133(9) 0.0001(8) 0.0071(8) -0.0010(8) 
C19 0.0194(10) 0.0138(10) 0.0178(10) 0.0004(8) 0.0082(8) -0.0001(8) 
C20 0.0179(10) 0.0138(10) 0.0154(10) -0.0005(8) 0.0017(8) -0.0010(8) 
C21 0.0211(10) 0.0108(9) 0.0157(10) -0.0002(8) 0.0060(8) -0.0003(8) 
C22 0.0174(10) 0.0133(10) 0.020(1) -0.0007(8) 0.0072(8) -0.0026(8) 
C23 0.0228(11) 0.0161(10) 0.0162(10) -0.0014(8) 0.0067(8) 0.0014(8) 
N5 0.0229(10) 0.0229(10) 0.0197(9) -0.0005(8) -0.0004(7) -0.0002(8) 
N6 0.0242(10) 0.0224(10) 0.0237(10) 0.0032(8) 0.0113(8) -0.0012(8) 
O6 0.0214(8) 0.0548(12) 0.0342(10) 0.0068(9) -0.0009(7) -0.0116(8) 
O7 0.0333(9) 0.0468(11) 0.0158(8) 0.0035(7) 0.0003(7) 0.0047(8) 
O8 0.0300(9) 0.0323(9) 0.0203(8) -0.0031(7) 0.0136(7) -0.0048(7) 
O9 0.0267(8) 0.0407(10) 0.0143(7) -0.0020(7) 0.0039(6) 0.0013(7) 
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O10 0.0362(9) 0.0406(10) 0.0272(9) -0.0035(8) 0.0204(7) -0.0038(8) 
O11 0.0190(8) 0.0366(10) 0.0297(9) 0.0007(7) 0.0062(7) -0.0057(7) 
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Bond Distances in Compound 47, Å 
 
C1-C2 1.513(3) C1-N1 1.488(3) C2-C3 1.514(4) 
C3-C4 1.523(4) C4-C5 1.544(3) C4-N2 1.466(3) 
C5-C6 1.522(3) C6-C7 1.517(3) C6-N1 1.508(3) 
C7-C8 1.522(4) C8-C9 1.508(4) C9-N1 1.520(3) 
C10-C11 1.512(3) C10-N2 1.336(3) C10-O1 1.228(3) 
C11-C12 1.392(3) C11-C16 1.388(3) C12-C13 1.383(3) 
C13-C14 1.380(3) C13-N3 1.470(3) C14-C15 1.373(3) 
C15-C16 1.386(3) C15-N4 1.470(3) N3-O2 1.225(3) 
N3-O3 1.218(3) N4-O4 1.221(3) N4-O5 1.214(3) 
C17-C18 1.377(3) C17-C22 1.384(3) C17-N5 1.470(3) 
C18-C19 1.381(3) C19-C20 1.381(3) C19-N6 1.472(3) 
C20-C21 1.388(3) C21-C22 1.391(3) C21-C23 1.521(3) 
C23-O8 1.242(3) C23-O9 1.260(3) N5-O6 1.220(2) 
N5-O7 1.226(2) N6-O10 1.223(2) N6-O11 1.225(2) 
 
Table 6 . Bond Angles in Compound 47, ° 
N1-C1-C2 113.18(19)  C1-C2-C3 115.14(19)  C2-C3-C4 116.40(19) 
C3-C4-C5 115.97(19)  N2-C4-C3 109.40(19)  N2-C4-C5 109.07(18) 
C6-C5-C4 117.79(19)  C7-C6-C5 114.08(19)  N1-C6-C5 111.45(17) 
N1-C6-C7 102.36(18)  C6-C7-C8 103.34(19)  C9-C8-C7 104.10(18) 
C8-C9-N1 105.99(19)  N2-C10-C11 115.48(17)  O1-C10-C11 119.97(18) 
O1-C10-N2 124.55(19)  C12-C11-C10 118.94(19)  C16-C11-C10 120.93(19) 
C16-C11-C12 120.05(19)  C13-C12-C11 118.4(2)  C12-C13-N3 119.2(2) 
C14-C13-C12 123.3(2)  C14-C13-N3 117.43(19)  C15-C14-C13 116.31(19) 
C14-C15-C16 123.3(2)  C14-C15-N4 118.27(19)  C16-C15-N4 118.4(2) 
C15-C16-C11 118.6(2)  C1-N1-C6 115.69(17)  C1-N1-C9 111.86(18) 
C6-N1-C9 107.21(17)  C10-N2-C4 122.38(17)  O2-N3-C13 118.4(2) 
O3-N3-C13 117.4(2)  O3-N3-O2 124.1(2)  O4-N4-C15 117.9(2) 
O5-N4-C15 118.60(19)  O5-N4-O4 123.5(2)  C18-C17-C22 123.25(18) 
C18-C17-N5 117.96(18)  C22-C17-N5 118.78(18)  C17-C18-C19 116.26(18) 
C18-C19-C20 122.91(18)  C18-C19-N6 118.12(18)  C20-C19-N6 118.96(18) 
C19-C20-C21 119.24(18)  C20-C21-C22 119.53(18)  C20-C21-C23 120.47(18) 
C22-C21-C23 120.00(17)  C17-C22-C21 118.79(18)  O8-C23-C21 116.76(18) 
O8-C23-O9 127.90(19)  O9-C23-C21 115.33(17)  O6-N5-C17 117.48(18) 
O6-N5-O7 124.17(18)  O7-N5-C17 118.35(18)  O10-N6-C19 117.60(18) 
O10-N6-O11 125.16(18)  O11-N6-C19 117.23(17)    
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Table 7 . Hydrogen Bonds for 47  
D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
N1 H1 O9 1.00 1.70 2.658(2) 160.0 
N2 H2 O8 0.88 2.02 2.884(2) 166.4 
This report has been created with Olex2 [6], compiled on 2019.03.18 svn.r3573 for OlexSys.  
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X-ray Structure Determination of Compound 52 
 
 
 
Compound 52, C12H23Cl5N2Pd, crystallizes in the orthorhombic space group Pca21 (systematic 
absences h0l:  h=odd and 0kl:  l=odd) with a=13.6817(4)Å, b=7.8188(2)Å, c=16.3276(5)Å, V=1746.64(9)Å3, 
Z=4, and dcalc=1.821 g/cm3 . X-ray intensity data were collected on a Bruker D8QUEST [1] CMOS area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a temperature of 100K. 
Preliminary indexing was performed from a series of twenty-four 0.5° rotation frames with exposures of 10 
seconds. A total of 720 frames were collected with a crystal to detector distance of 34.1 mm, rotation widths 
of 0.5° and exposures of 1 seconds: 
scan type 2θ ω φ χ Frames 
f -1.00 345.19 0.00 54.72 720 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 25696 reflections were measured over the ranges 5.956 ≤ 2θ ≤ 55.048°, -17 ≤ h ≤ 17, -10 ≤ k ≤ 9, -
21 ≤ l ≤ 21 yielding 3993 unique reflections (Rint = 0.0423). The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 
0.6018, 0.7456). The structure was solved by direct methods - SHELXT [4]. Refinement was by full-matrix 
least squares based on F2 using SHELXL-2014 [5]. All reflections were used during refinement. The 
weighting scheme used was w=1/[σ2(Fo2 )+ (0.0157P)2 + 0.3479P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen 
atoms were refined anisotropically and hydrogen atoms were refined using a riding model. Refinement 
converged to R1=0.0183 and wR2=0.0394 for 3858 observed reflections for which F > 4σ(F) and R1=0.0200 
and wR2=0.0399 and GOF =1.105 for all 3993 unique, non-zero reflections and 183 variables. The maximum 
Δ/σ in the final cycle of least squares was 0.001 and the two most prominent peaks in the final difference 
Fourier were +0.38 and -0.63 e/Å3. 
NN
Pd Cl
Cl
+    CHCl3
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Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 52 
 
Empirical formula  C12H23Cl5N2Pd  
Formula weight  478.97  
Temperature/K  100  
Crystal system  orthorhombic  
Space group  Pca21  
a  13.6817(4)Å  
b  7.8188(2)Å  
c  16.3276(5)Å  
Volume  1746.64(9)Å3  
Z  4  
dcalc  1.821 g/cm3  
μ  1.819 mm-1  
F(000)  960.0  
Crystal size, mm  0.45 × 0.18 × 0.1  
2θ range for data collection      5.956 - 55.048°  
Index ranges  -17 ≤ h ≤ 17, -10 ≤ k ≤ 9, -21 ≤ l ≤ 21  
Reflections collected  25696  
Independent reflections  3993[R(int) = 0.0423]  
Data/restraints/parameters  3993/1/183  
Goodness-of-fit on F2  1.105  
Final R indexes [I>=2σ (I)]  R1 = 0.0183, wR2 = 0.0394  
Final R indexes [all data]  R1 = 0.0200, wR2 = 0.0399  
Largest diff. peak/hole  0.38/-0.63 eÅ-3  
Flack parameter -0.020(13) 
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Table 2 . Refined Positional Parameters for Compound 52  
Atom x y z U(eq) 
Pd1 0.83050(2) 0.36754(2) 0.39573(2) 0.00759(6) 
Cl1 0.95591(5) 0.16845(9) 0.41014(5) 0.01216(16) 
Cl2 0.87391(7) 0.38544(11) 0.25887(5) 0.01719(18) 
N1 0.8012(2) 0.3632(3) 0.52327(17) 0.0110(5) 
N11 0.7034(2) 0.5183(3) 0.37989(16) 0.0116(6) 
C2 0.7438(2) 0.2029(4) 0.5390(2) 0.0133(6) 
C3 0.6797(2) 0.1478(4) 0.4670(2) 0.0151(7) 
C4 0.6005(2) 0.2731(4) 0.4373(2) 0.0151(7) 
C5 0.6236(2) 0.4644(4) 0.4386(2) 0.0122(7) 
C6 0.6419(3) 0.5249(5) 0.5260(2) 0.0140(7) 
C7 0.7471(2) 0.5178(4) 0.5557(2) 0.0128(7) 
C8 0.7990(3) 0.6891(4) 0.5393(2) 0.0174(7) 
C9 0.8154(2) 0.7336(4) 0.4497(2) 0.0157(7) 
C10 0.7309(2) 0.7040(4) 0.3917(3) 0.0152(6) 
C12 0.8934(3) 0.3540(5) 0.5722(2) 0.0160(7) 
C13 0.6605(3) 0.5019(5) 0.2960(2) 0.0174(8) 
Cl3 0.55333(6) -0.19836(11) 0.73748(6) 0.02029(18) 
Cl4 0.51433(7) 0.06297(12) 0.61671(5) 0.02214(19) 
Cl5 0.37053(6) -0.00923(11) 0.74109(6) 0.02073(18) 
C14 0.4969(3) 0.0019(4) 0.7197(2) 0.0161(7) 
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Table 3 . Positional Parameters for Hydrogens in Compound 52  
Atom x y z U(eq) 
H2a 0.7025 0.2207 0.5866 0.018 
H2b 0.7888 0.111 0.5519 0.018 
H3a 0.6477 0.0416 0.4819 0.02 
H3b 0.7224 0.1231 0.4211 0.02 
H4a 0.5837 0.2423 0.3815 0.02 
H4b 0.5426 0.2548 0.4705 0.02 
H5 0.5641 0.5225 0.4203 0.016 
H6a 0.6192 0.6421 0.5306 0.019 
H6b 0.6022 0.456 0.5626 0.019 
H7 0.7442 0.5046 0.6154 0.017 
H8a 0.7608 0.7798 0.5642 0.023 
H8b 0.862 0.6868 0.5666 0.023 
H9a 0.8335 0.8534 0.4465 0.021 
H9b 0.8708 0.6677 0.4301 0.021 
H10a 0.6743 0.7652 0.4122 0.02 
H10b 0.7474 0.7524 0.3388 0.02 
H12a 0.9279 0.2509 0.5586 0.024 
H12b 0.8778 0.3539 0.6295 0.024 
H12c 0.9336 0.4511 0.5598 0.024 
H13a 0.7057 0.5463 0.2564 0.026 
H13b 0.6005 0.5652 0.2933 0.026 
H13c 0.6478 0.3836 0.2844 0.026 
H14 0.5269 0.0878 0.7554 0.021 
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Table 4 . Refined Thermal Parameters (U's) for Compound 52  
Atom U11 U22 U33 U23 U13 U12 
Pd1 0.00777(10) 0.00714(10) 0.00784(10) 0.00041(11) 0.00104(11) 0.00131(7) 
Cl1 0.0115(3) 0.0110(3) 0.0139(4) 0.0000(3) 0.0013(3) 0.0037(2) 
Cl2 0.0214(5) 0.0191(4) 0.0111(4) 0.0035(3) 0.0057(3) 0.0072(3) 
N1 0.0107(14) 0.0115(14) 0.0106(14) 0.0007(10) 0.0001(11) 0.0018(10) 
N11 0.0115(12) 0.0117(13) 0.0117(16) 0.0011(10) 0.0003(11) 0.0021(10) 
C2 0.0124(16) 0.0147(16) 0.0128(16) 0.0040(13) -0.0003(13) -0.0005(12) 
C3 0.0167(17) 0.0119(17) 0.0167(18) -0.0007(13) 0.0024(14) -0.0029(13) 
C4 0.0128(16) 0.0175(18) 0.0150(17) 0.0000(13) -0.0024(13) -0.0035(13) 
C5 0.0072(16) 0.0157(17) 0.0136(17) 0.0002(13) 0.0000(12) 0.0023(12) 
C6 0.0138(17) 0.0154(18) 0.0128(17) -0.0001(14) 0.0022(14) 0.0041(13) 
C7 0.0129(16) 0.0156(16) 0.0099(16) -0.0042(13) 0.0005(13) 0.0019(13) 
C8 0.0173(17) 0.0136(17) 0.0213(19) -0.0048(14) -0.0046(15) -0.0006(13) 
C9 0.0152(17) 0.0063(15) 0.0254(19) -0.0005(13) 0.0003(14) -0.0001(12) 
C10 0.0162(15) 0.0103(14) 0.0191(16) 0.0013(17) 0.0032(17) 0.0012(11) 
C12 0.0126(17) 0.0218(19) 0.0136(17) -0.0016(14) -0.0032(13) 0.0035(14) 
C13 0.0170(19) 0.022(2) 0.0136(18) 0.0006(15) -0.0049(14) 0.0023(14) 
Cl3 0.0209(4) 0.0199(4) 0.0200(4) 0.0025(3) 0.0000(4) 0.0031(3) 
Cl4 0.0247(5) 0.0266(5) 0.0151(4) 0.0061(4) 0.0014(4) -0.0073(4) 
Cl5 0.0201(4) 0.0211(4) 0.0210(4) -0.0011(4) 0.0062(4) 0.0022(3) 
C14 0.0198(18) 0.0135(17) 0.0151(17) -0.0020(13) 0.0001(14) -0.0024(13) 
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Table 5 . Bond Distances in Compound 52, Å 
Pd1-Cl1 2.3286(7)  Pd1-Cl2 2.3164(9)  Pd1-N1 2.121(3) 
Pd1-N11 2.117(3)  N1-C2 1.502(4)  N1-C7 1.514(4) 
N1-C12 1.494(4)  N11-C5 1.512(4)  N11-C10 1.512(4) 
N11-C13 1.496(4)  C2-C3 1.528(5)  C3-C4 1.539(5) 
C4-C5 1.529(5)  C5-C6 1.524(5)  C6-C7 1.520(5) 
C7-C8 1.540(5)  C8-C9 1.522(5)  C9-C10 1.513(5) 
Cl3-C14 1.770(4)  Cl4-C14 1.764(4)  Cl5-C14 1.766(4) 
 
 
Table 6 . Bond Angles in Compound 52, ° 
Cl2-Pd1-Cl1 87.07(3)  N1-Pd1-Cl1 91.67(8)  N1-Pd1-Cl2 175.26(8) 
N11-Pd1-Cl1 171.88(8)  N11-Pd1-Cl2 93.39(7)  N11-Pd1-N1 88.50(10) 
C2-N1-Pd1 106.29(19)  C2-N1-C7 110.5(3)  C7-N1-Pd1 115.0(2) 
C12-N1-Pd1 111.5(2)  C12-N1-C2 108.1(3)  C12-N1-C7 105.3(3) 
C5-N11-Pd1 111.10(19)  C10-N11-Pd1 108.36(18)  C10-N11-C5 111.5(2) 
C13-N11-Pd1 112.7(2)  C13-N11-C5 105.9(3)  C13-N11-C10 107.3(3) 
N1-C2-C3 113.8(3)  C2-C3-C4 117.8(3)  C5-C4-C3 118.2(3) 
N11-C5-C4 114.4(3)  N11-C5-C6 112.9(3)  C6-C5-C4 110.5(3) 
C7-C6-C5 116.3(3)  N1-C7-C6 112.4(3)  N1-C7-C8 114.1(3) 
C6-C7-C8 110.5(3)  C9-C8-C7 115.8(3)  C10-C9-C8 117.0(3) 
N11-C10-C9 114.6(3)  Cl4-C14-Cl3 109.70(19)  Cl4-C14-Cl5 109.5(2) 
Cl5-C14-Cl3 110.54(19)       
This report has been created with Olex2 [6], compiled on 2016.09.09 svn.r3337 for OlexSys. 
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X-ray Structure Determination of Compound 71 
 
 
   
Compound 71, C15H27Cl5N2Pd, crystallizes in the orthorhombic space group P212121 (systematic 
absences h00:  h=odd, 0k0:  k=odd, and 00l:  l=odd) with a=11.2212(2)Å, b=11.8966(2)Å, c=14.6501(2)Å, 
V=1955.70(5)Å3, Z=4, and dcalc=1.763 g/cm3 . X-ray intensity data were collected on a Bruker APEXII [1] 
CCD area detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a temperature of 
100K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation frames with exposures of 
10 seconds. A total of 1222 frames were collected with a crystal to detector distance of 37.5 mm, rotation 
widths of 0.5° and exposures of 5 seconds: 
scan type 2θ ω φ χ Frames 
f -15.50 258.48 8.28 19.46 739 
f 22.00 321.06 68.44 41.79 483 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) 
values. A total of 25574 reflections were measured over the ranges 4.41 ≤ 2θ ≤ 55.06°, -14 ≤ h ≤ 14, -15 ≤ k 
≤ 15, -19 ≤ l ≤ 19 yielding 4491 unique reflections (Rint = 0.0328). The intensity data were corrected for 
Lorentz and polarization effects and for absorption using SADABS [3] (minimum and maximum 
transmission 0.6688, 0.7456). The structure was solved by direct methods - SHELXT [4]. Refinement was 
by full-matrix least squares based on F2 using SHELXL-2017 [5]. All reflections were used during 
refinement. The weighting scheme used was w=1/[σ2(Fo2 )+ (0.0136P)2 + 0.6694P] where P = (Fo2 + 2Fc2)/3. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding model. 
Refinement converged to R1=0.0182 and wR2=0.0375 for 4269 observed reflections for which F > 4σ(F) 
and R1=0.0204 and wR2=0.0381 and GOF =1.036 for all 4491 unique, non-zero reflections and 209 
variables. The maximum Δ/σ in the final cycle of least squares was 0.002 and the two most prominent peaks 
in the final difference Fourier were +0.49 and -0.30 e/Å3. The Flack absolute structure parameter using the 
N
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Cl
+   CHCl3
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Parson’s method [6] was calculated to be -0.034(12); thus corroborating the assigned absolute structure (if 
the absolute structure parameter is 0.0 within three standard deviations, the absolute structure has been 
assigned correctly; if the wrong enantiomer has been assigned the value of this parameter would be 1.0). 
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
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Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 71 
 
Empirical formula  C15H27Cl5N2Pd  
Formula weight  519.03  
Temperature/K  100  
Crystal system  orthorhombic  
Space group  P212121  
a  11.2212(2)Å  
b  11.8966(2)Å  
c  14.6501(2)Å  
Volume  1955.70(5)Å3  
Z  4  
dcalc  1.763 g/cm3  
μ  1.632 mm-1  
F(000)  1048.0  
Crystal size, mm  0.10 × 0.08 × 0.07  
2θ range for data collection      4.41 - 55.06°  
Index ranges  -14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -19 ≤ l ≤ 19  
Reflections collected  25574  
Independent reflections  4491[R(int) = 0.0328]  
Data/restraints/parameters  4491/0/209  
Goodness-of-fit on F2  1.036  
Final R indexes [I>=2σ (I)]  R1 = 0.0182, wR2 = 0.0375  
Final R indexes [all data]  R1 = 0.0204, wR2 = 0.0381  
Largest diff. peak/hole  0.49/-0.30 eÅ-3  
Flack parameter -0.034(12) 
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Table 2 . Refined Positional Parameters for Compound 71  
Atom x y z U(eq) 
Pd1 0.46326(2) 0.74258(2) 0.04472(2) 0.00951(5) 
Cl1 0.44849(8) 0.91560(6) 0.11632(5) 0.02395(18) 
Cl2 0.47866(7) 0.84368(6) -0.08961(4) 0.01479(14) 
N1 0.4317(2) 0.6587(2) 0.17078(16) 0.0136(5) 
N2 0.5015(2) 0.58444(19) -0.01757(15) 0.0124(5) 
C1 0.5471(3) 0.6631(2) 0.22242(19) 0.0172(6) 
C2 0.6574(3) 0.6642(3) 0.1619(2) 0.0205(7) 
C3 0.6762(3) 0.5651(3) 0.0961(2) 0.0190(7) 
C4 0.5671(2) 0.5108(2) 0.0513(2) 0.0138(6) 
C5 0.4858(3) 0.4617(2) 0.12473(19) 0.0147(6) 
C6 0.3900(3) 0.5389(2) 0.1616(2) 0.0146(6) 
C7 0.2744(3) 0.5276(3) 0.1078(2) 0.0180(7) 
C8 0.2779(3) 0.5667(3) 0.0086(2) 0.0181(7) 
C9 0.3844(3) 0.5294(2) -0.0485(2) 0.0154(6) 
C10 0.3623(3) 0.5547(3) -0.1488(2) 0.0198(7) 
C11 0.4532(3) 0.4961(3) -0.20972(19) 0.0233(7) 
C12 0.5753(3) 0.4958(3) -0.1641(2) 0.0245(8) 
C13 0.5846(3) 0.5953(3) -0.0991(2) 0.0179(6) 
C14 0.3388(3) 0.7172(3) 0.2261(2) 0.0203(7) 
Cl3 0.38961(11) 0.19201(8) -0.13422(6) 0.0424(3) 
Cl4 0.31657(7) 0.17638(7) 0.05360(6) 0.02567(18) 
Cl5 0.56686(7) 0.18576(7) 0.00864(6) 0.02815(19) 
C15 0.4259(3) 0.1365(2) -0.0259(2) 0.0179(7) 
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Table 3 . Positional Parameters for Hydrogens in Compound 71  
Atom x y z U(eq) 
H1a 0.551495 0.597081 0.263478 0.021 
H1b 0.547618 0.731336 0.26105 0.021 
H2a 0.728113 0.668907 0.202088 0.025 
H2b 0.655317 0.734031 0.125148 0.025 
H3a 0.729675 0.591044 0.04671 0.023 
H3b 0.719193 0.505548 0.129927 0.023 
H4 0.598032 0.445076 0.015902 0.017 
H5a 0.446607 0.39399 0.099413 0.018 
H5b 0.53613 0.436989 0.176455 0.018 
H6 0.372152 0.51219 0.22487 0.018 
H7a 0.211729 0.570799 0.139967 0.022 
H7b 0.250114 0.447559 0.108683 0.022 
H8a 0.20454 0.539946 -0.021883 0.022 
H8b 0.275559 0.649928 0.008267 0.022 
H9 0.393013 0.446124 -0.041612 0.019 
H10a 0.366777 0.636897 -0.158867 0.024 
H10b 0.281155 0.529518 -0.165713 0.024 
H11a 0.458182 0.535583 -0.269099 0.028 
H11b 0.427399 0.417847 -0.221356 0.028 
H12a 0.586461 0.424815 -0.129873 0.029 
H12b 0.638435 0.500866 -0.21106 0.029 
H13a 0.667705 0.601528 -0.076998 0.022 
H13b 0.565246 0.665197 -0.132669 0.022 
H14a 0.3661 0.793288 0.241008 0.03 
H14b 0.324786 0.675206 0.282682 0.03 
H14c 0.26456 0.72156 0.191097 0.03 
H15 0.428206 0.052615 -0.029966 0.021 
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Table 4 . Refined Thermal Parameters (U's) for Compound 71  
Atom U11 U22 U33 U23 U13 U12 
Pd1 0.01193(9) 0.00688(9) 0.00971(8) 0.00050(8) 0.00045(8) 0.00012(9) 
Cl1 0.0459(5) 0.0085(3) 0.0175(3) -0.0021(3) 0.0013(4) 0.0012(4) 
Cl2 0.0170(4) 0.0136(3) 0.0138(3) 0.0045(3) 0.0000(3) 0.0001(3) 
N1 0.0178(13) 0.0098(11) 0.0132(11) -0.0009(9) 0.0013(10) -0.0004(10) 
N2 0.0146(12) 0.0114(11) 0.0111(11) -0.0015(9) -0.0019(9) 0.0010(9) 
C1 0.0222(16) 0.0142(13) 0.0152(13) 0.0002(11) -0.0062(13) -0.0011(14) 
C2 0.0157(16) 0.0213(16) 0.0245(17) 0.0029(14) -0.0075(13) -0.0036(13) 
C3 0.0133(15) 0.0246(17) 0.0190(15) 0.0015(13) -0.0041(13) -0.0012(13) 
C4 0.0138(14) 0.0117(12) 0.0159(13) -0.0008(12) -0.0014(12) 0.0043(10) 
C5 0.0191(16) 0.0092(13) 0.0157(13) 0.0027(11) -0.0021(12) 0.0006(12) 
C6 0.0194(15) 0.0100(13) 0.0144(14) 0.0013(11) 0.0021(13) -0.0022(12) 
C7 0.0141(15) 0.0172(16) 0.0228(16) -0.0012(13) 0.0028(13) -0.0034(13) 
C8 0.0131(15) 0.0180(16) 0.0232(16) -0.0027(12) -0.0023(13) -0.0020(12) 
C9 0.0159(14) 0.0127(13) 0.0178(14) -0.0056(13) -0.0040(14) -0.0018(11) 
C10 0.0211(17) 0.0218(16) 0.0163(15) -0.0017(13) -0.0062(13) -0.0010(13) 
C11 0.0332(19) 0.0219(16) 0.0146(14) -0.0048(12) -0.0022(15) -0.0023(16) 
C12 0.031(2) 0.0261(17) 0.0159(15) -0.0013(14) 0.0065(14) 0.0084(15) 
C13 0.0154(16) 0.0219(16) 0.0165(15) 0.0016(13) 0.0051(12) 0.0039(13) 
C14 0.0242(17) 0.0192(17) 0.0174(15) -0.0001(12) 0.0060(13) 0.0031(13) 
Cl3 0.0742(7) 0.0270(5) 0.0260(4) 0.0051(4) -0.0120(5) 0.0050(5) 
Cl4 0.0145(4) 0.0245(4) 0.0380(5) -0.0056(4) 0.0004(4) 0.0024(3) 
Cl5 0.0147(4) 0.0191(4) 0.0507(5) -0.0051(4) 0.0038(4) -0.0017(3) 
C15 0.0199(16) 0.0130(13) 0.0209(16) -0.0002(12) -0.0043(12) 0.0016(11) 
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Table 5 . Bond Distances in Compound 71, Å 
Pd1-Cl1 2.3162(7)  Pd1-Cl2 2.3128(7)  Pd1-N1 2.129(2) 
Pd1-N2 2.134(2)  N1-C1 1.501(4)  N1-C6 1.506(4) 
N1-C14 1.493(4)  N2-C4 1.525(3)  N2-C9 1.537(4) 
N2-C13 1.521(4)  C1-C2 1.522(4)  C2-C3 1.537(4) 
C3-C4 1.532(4)  C4-C5 1.527(4)  C5-C6 1.513(4) 
C6-C7 1.524(4)  C7-C8 1.527(4)  C8-C9 1.525(4) 
C9-C10 1.521(4)  C10-C11 1.523(4)  C11-C12 1.525(5) 
C12-C13 1.523(4)  Cl3-C15 1.766(3)  Cl4-C15 1.758(3) 
Cl5-C15 1.761(3)       
 
 
 
Table 6 . Bond Angles in Compound 71, ° 
Cl2-Pd1-Cl1 85.90(2)  N1-Pd1-Cl1 90.68(7)  N1-Pd1-Cl2 173.90(7) 
N1-Pd1-N2 89.49(9)  N2-Pd1-Cl1 172.43(7)  N2-Pd1-Cl2 94.57(6) 
C1-N1-Pd1 106.09(17)  C1-N1-C6 110.2(2)  C6-N1-Pd1 114.71(17) 
C14-N1-Pd1 111.64(17)  C14-N1-C1 108.2(2)  C14-N1-C6 105.9(2) 
C4-N2-Pd1 108.71(16)  C4-N2-C9 111.2(2)  C9-N2-Pd1 109.27(16) 
C13-N2-Pd1 112.58(17)  C13-N2-C4 105.8(2)  C13-N2-C9 109.2(2) 
N1-C1-C2 114.1(2)  C1-C2-C3 118.0(3)  C4-C3-C2 118.9(3) 
N2-C4-C3 115.3(2)  N2-C4-C5 113.4(2)  C5-C4-C3 109.6(2) 
C6-C5-C4 116.4(2)  N1-C6-C5 112.7(2)  N1-C6-C7 113.2(2) 
C5-C6-C7 111.5(2)  C6-C7-C8 116.3(3)  C9-C8-C7 117.0(3) 
C8-C9-N2 112.6(2)  C10-C9-N2 109.8(2)  C10-C9-C8 110.2(2) 
C9-C10-C11 111.5(3)  C10-C11-C12 110.2(2)  C13-C12-C11 109.5(3) 
N2-C13-C12 112.5(3)  Cl4-C15-Cl3 109.48(16)  Cl4-C15-Cl5 110.26(16) 
Cl5-C15-Cl3 109.96(17)       
This report has been created with Olex2 [6], compiled on 2017.08.10 svn.r3458 for OlexSys. 
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X-ray Structure Determination of Compound 72 
 
 
 
Compound 72, C30H54Cl10N4Pd2, crystallizes in the monoclinic space group P21 (systematic 
absences 0k0: k=odd) with a=8.3932(3)Å, b=13.9575(4)Å, c=17.1315(5)Å, β=101.894(2)°, 
V=1963.83(11)Å3, Z=2, and dcalc=1.755 g/cm3 . X-ray intensity data were collected on a Bruker APEXII [1] 
CCD area detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a temperature of 
100K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation frames with exposures of 
10 seconds. A total of 3410 frames were collected with a crystal to detector distance of 37.5 mm, rotation 
widths of 0.5° and exposures of 15 seconds: 
scan type 2θ ω φ χ Frames 
f 24.50 7.41 12.48 28.88 739 
f -23.00 315.83 12.48 28.88 739 
f -20.50 342.55 321.55 -73.06 739 
w -5.50 321.79 133.99 70.63 70 
f -23.00 334.21 204.72 73.66 404 
f 19.50 59.55 348.71 -26.26 719 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 68196 reflections were measured over the ranges 3.798 ≤ 2θ ≤ 55.042°, -10 ≤ h ≤ 10, -18 ≤ k ≤ 18, -
22 ≤ l ≤ 22 yielding 9033 unique reflections (Rint = 0.0467). The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 
0.6817, 0.7456). The structure was solved by direct methods - SHELXT [4]. Refinement was by full-matrix 
least squares based on F2 using SHELXL-2017 [5]. All reflections were used during refinement. The 
weighting scheme used was w=1/[σ2(Fo2 )+ (0.0245P)2 + 0.9204P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen 
atoms were refined anisotropically and hydrogen atoms were refined using a riding model. Refinement 
converged to R1=0.0268 and wR2=0.0539 for 8210 observed reflections for which F > 4σ(F) and R1=0.0330 
and wR2=0.0556 and GOF =1.054 for all 9033 unique, non-zero reflections and 417 variables. The maximum 
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Δ/σ in the final cycle of least squares was 0.001 and the two most prominent peaks in the final difference 
Fourier were +0.78 and -0.45 e/Å3. 
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figures 1. and 2. are ORTEP representations 
of the molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of molecule no. 1 of the asymmetric unit with 50% thermal ellipsoids. 
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Figure 2. ORTEP drawing of molecule no. 2 of the asymmetric unit with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 72 
 
Empirical formula  C30H54Cl10N4Pd2  
Formula weight  1038.07  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21  
a  8.3932(3)Å  
b  13.9575(4)Å  
c  17.1315(5)Å  
β  101.894(2)°  
Volume  1963.83(11)Å3  
Z  2  
dcalc  1.755 g/cm3  
μ  1.625 mm-1  
F(000)  1048.0  
Crystal size, mm  0.09 × 0.06 × 0.04  
2θ range for data collection      3.798 - 55.042°  
Index ranges  -10 ≤ h ≤ 10, -18 ≤ k ≤ 18, -22 ≤ l ≤ 22  
Reflections collected  68196  
Independent reflections  9033[R(int) = 0.0467]  
Data/restraints/parameters  9033/1/417  
Goodness-of-fit on F2  1.054  
Final R indexes [I>=2σ (I)]  R1 = 0.0268, wR2 = 0.0539  
Final R indexes [all data]  R1 = 0.0330, wR2 = 0.0556  
Largest diff. peak/hole  0.78/-0.45 eÅ-3  
Flack parameter 0.004(9) 
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Table 2 . Refined Positional Parameters for Compound 72  
Atom x y z U(eq) 
Pd1 0.18722(3) 0.70803(3) 0.28797(2) 0.01164(7) 
Cl1 0.16420(14) 0.63232(8) 0.40605(6) 0.0176(2) 
Cl2 0.39628(14) 0.60101(9) 0.28497(6) 0.0199(2) 
N1 0.1883(5) 0.7592(3) 0.1726(2) 0.0162(8) 
N2 0.0062(4) 0.8131(3) 0.2981(2) 0.0130(8) 
C1 0.2950(6) 0.8453(4) 0.1756(3) 0.0199(10) 
C2 0.3078(6) 0.9080(4) 0.2496(3) 0.0219(11) 
C3 0.1536(6) 0.9592(3) 0.2611(3) 0.0168(10) 
C4 -0.0027(5) 0.9000(3) 0.2439(2) 0.0138(9) 
C5 -0.0474(6) 0.8741(3) 0.1551(3) 0.0164(10) 
C6 0.0118(6) 0.7773(3) 0.1333(3) 0.0182(10) 
C7 -0.0968(5) 0.6940(4) 0.1515(3) 0.0192(11) 
C8 -0.2193(5) 0.7223(3) 0.2026(2) 0.0174(10) 
C9 -0.1549(6) 0.7602(3) 0.2874(3) 0.0168(10) 
C10 -0.2879(6) 0.8190(4) 0.3127(3) 0.0233(11) 
C11 -0.2398(6) 0.8564(4) 0.3978(3) 0.0268(12) 
C12 -0.0825(6) 0.9111(3) 0.4081(3) 0.0220(11) 
C13 0.0483(6) 0.8481(3) 0.3842(2) 0.0181(10) 
C14 0.2473(6) 0.6864(3) 0.1205(3) 0.0215(12) 
Pd1' -0.13454(4) 0.20869(3) 0.22087(2) 0.01279(7) 
Cl1' -0.12035(14) 0.12653(8) 0.10361(6) 0.0166(2) 
Cl2' -0.31775(15) 0.09189(8) 0.24244(7) 0.0201(2) 
N1' -0.1052(5) 0.2616(3) 0.3368(2) 0.0194(9) 
N2' -0.0103(5) 0.3334(3) 0.1898(2) 0.0152(8) 
C1' -0.2376(7) 0.3306(4) 0.3435(3) 0.0262(12) 
C2' -0.3042(6) 0.3865(4) 0.2689(3) 0.0267(12) 
C3' -0.1903(6) 0.4556(3) 0.2387(3) 0.0215(11) 
C4' -0.0178(6) 0.4210(3) 0.2415(3) 0.0175(10) 
C5' 0.0701(6) 0.4059(3) 0.3280(3) 0.0194(10) 
C6' 0.0642(6) 0.3048(4) 0.3587(3) 0.0220(11) 
C7' 0.1900(6) 0.2375(4) 0.3313(3) 0.0258(12) 
C8' 0.2696(6) 0.2779(4) 0.2671(3) 0.0271(12) 
C9' 0.1630(6) 0.3063(4) 0.1866(3) 0.0196(10) 
C10' 0.2470(6) 0.3837(4) 0.1459(3) 0.0255(12) 
C11' 0.1528(7) 0.4092(4) 0.0635(3) 0.0285(12) 
C12' -0.0215(6) 0.4353(4) 0.0651(3) 0.0238(11) 
C13' -0.0999(6) 0.3562(3) 0.1048(3) 0.0172(10) 
C14' -0.1055(7) 0.1837(4) 0.3970(3) 0.0310(14) 
Cl3 -0.49040(16) 0.56744(10) 0.57533(7) 0.0289(3) 
Cl4 -0.48644(17) 0.41205(10) 0.46499(8) 0.0322(3) 
Cl5 -0.26122(16) 0.57043(10) 0.46867(8) 0.0332(3) 
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C15 -0.4597(6) 0.5365(4) 0.4801(3) 0.0226(11) 
Cl3' -0.52676(16) 0.04094(10) -0.03278(8) 0.0312(3) 
Cl4' -0.72093(15) 0.10188(10) 0.07931(8) 0.0271(3) 
Cl5' -0.52373(16) 0.23969(9) 0.01644(8) 0.0276(3) 
C15' -0.5357(6) 0.1191(4) 0.0476(3) 0.0218(11) 
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Table 3 . Positional Parameters for Hydrogens in Compound 72  
Atom x y z U(eq) 
H1a 0.253347 0.885083 0.127884 0.024 
H1b 0.405737 0.823633 0.172273 0.024 
H2a 0.392303 0.957103 0.248428 0.026 
H2b 0.346785 0.867316 0.297027 0.026 
H3a 0.137296 1.016264 0.226027 0.02 
H3b 0.171318 0.982177 0.316857 0.02 
H4 -0.091682 0.941912 0.255363 0.017 
H5a -0.167416 0.875958 0.137911 0.02 
H5b -0.00231 0.923857 0.124671 0.02 
H6 0.005244 0.777548 0.074337 0.022 
H7a -0.157323 0.667306 0.100391 0.023 
H7b -0.025721 0.6426 0.179347 0.023 
H8a -0.287574 0.66544 0.206885 0.021 
H8b -0.291896 0.771856 0.173051 0.021 
H9 -0.135927 0.70303 0.323314 0.02 
H10a -0.386807 0.778911 0.308038 0.028 
H10b -0.315363 0.873956 0.27593 0.028 
H11a -0.326534 0.898812 0.409403 0.032 
H11b -0.226806 0.802058 0.435698 0.032 
H12a -0.047222 0.931233 0.464402 0.026 
H12b -0.098663 0.969394 0.374413 0.026 
H13a 0.151392 0.884693 0.392211 0.022 
H13b 0.066823 0.791735 0.420051 0.022 
H14a 0.243399 0.713871 0.06751 0.032 
H14b 0.177394 0.629526 0.115642 0.032 
H14c 0.359546 0.668218 0.144371 0.032 
H1'a -0.195423 0.376425 0.387007 0.031 
H1'b -0.328111 0.294741 0.358936 0.031 
H2'a -0.399295 0.423476 0.278111 0.032 
H2'b -0.344957 0.339995 0.225764 0.032 
H3'a -0.239597 0.472312 0.182816 0.026 
H3'b -0.184338 0.515306 0.270477 0.026 
H4' 0.040503 0.473783 0.219527 0.021 
H5'a 0.185541 0.424685 0.333142 0.023 
H5'b 0.021519 0.449377 0.362429 0.023 
H6' 0.093839 0.308095 0.418253 0.026 
H7'a 0.276138 0.221616 0.378274 0.031 
H7'b 0.134423 0.177024 0.311498 0.031 
H8'a 0.349553 0.230073 0.256432 0.033 
H8'b 0.332036 0.335371 0.289326 0.033 
H9' 0.155336 0.248241 0.151915 0.024 
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H10c 0.261055 0.44205 0.179503 0.031 
H10d 0.35669 0.360778 0.141909 0.031 
H11c 0.153906 0.354078 0.027218 0.034 
H11d 0.206193 0.463974 0.042492 0.034 
H12c -0.083662 0.444978 0.009914 0.029 
H12d -0.023815 0.495981 0.094762 0.029 
H13c -0.10499 0.297374 0.072115 0.021 
H13d -0.213042 0.375115 0.106036 0.021 
H14d -0.089893 0.211825 0.450461 0.046 
H14e -0.016917 0.138598 0.395037 0.046 
H14f -0.209871 0.149722 0.384887 0.046 
H15 -0.542006 0.570893 0.439149 0.027 
H15' -0.442575 0.105222 0.092886 0.026 
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Table 4 . Refined Thermal Parameters (U's) for Compound 72  
Atom U11 U22 U33 U23 U13 U12 
Pd1 0.01142(15) 0.01224(15) 0.01089(13) 0.00034(17) 0.00140(11) 0.0030(2) 
Cl1 0.0211(6) 0.0170(6) 0.0150(5) 0.0028(4) 0.0044(4) 0.0047(5) 
Cl2 0.0199(6) 0.0208(6) 0.0200(5) 0.0031(5) 0.0062(4) 0.0098(5) 
N1 0.015(2) 0.021(2) 0.0129(18) 0.0004(16) 0.0033(15) 0.0034(16) 
N2 0.015(2) 0.0106(19) 0.0135(18) -0.0020(15) 0.0022(15) 0.0000(15) 
C1 0.013(2) 0.026(3) 0.021(2) 0.006(2) 0.0061(19) 0.005(2) 
C2 0.018(3) 0.020(3) 0.027(3) 0.003(2) 0.004(2) -0.003(2) 
C3 0.017(2) 0.011(2) 0.022(2) -0.0013(18) 0.0019(19) -0.0017(18) 
C4 0.014(2) 0.012(2) 0.016(2) 0.0015(17) 0.0032(17) 0.0032(18) 
C5 0.016(2) 0.017(2) 0.016(2) 0.0049(18) 0.0016(18) 0.0027(19) 
C6 0.016(2) 0.025(3) 0.013(2) -0.0003(19) 0.0000(18) 0.003(2) 
C7 0.020(2) 0.019(3) 0.0167(19) -0.0033(19) -0.0023(17) 0.003(2) 
C8 0.017(2) 0.013(3) 0.020(2) -0.0018(19) -0.0008(16) -0.0035(19) 
C9 0.015(2) 0.016(3) 0.020(2) 0.0007(19) 0.0032(18) 0.0022(19) 
C10 0.018(3) 0.025(3) 0.029(3) 0.002(2) 0.009(2) 0.003(2) 
C11 0.026(3) 0.027(3) 0.031(3) -0.004(2) 0.014(2) 0.008(2) 
C12 0.035(3) 0.016(2) 0.017(2) -0.0025(19) 0.008(2) 0.009(2) 
C13 0.024(3) 0.016(2) 0.013(2) -0.0028(18) 0.0013(19) 0.005(2) 
C14 0.022(3) 0.025(3) 0.018(2) -0.0016(18) 0.0056(19) 0.007(2) 
Pd1' 0.01510(16) 0.01053(15) 0.01222(14) -0.00041(17) 0.00160(11) -0.0008(2) 
Cl1' 0.0172(6) 0.0156(6) 0.0161(5) -0.0033(4) 0.0017(4) 0.0004(5) 
Cl2' 0.0230(6) 0.0176(6) 0.0199(5) 0.0026(5) 0.0046(5) -0.0044(5) 
N1' 0.028(2) 0.016(2) 0.0143(19) 0.0005(16) 0.0046(17) -0.0035(17) 
N2' 0.014(2) 0.0129(19) 0.0180(19) -0.0038(15) 0.0020(15) -0.0014(16) 
C1' 0.031(3) 0.024(3) 0.028(3) -0.001(2) 0.017(2) -0.004(2) 
C2' 0.021(3) 0.024(3) 0.036(3) -0.006(2) 0.008(2) 0.004(2) 
C3' 0.027(3) 0.013(2) 0.023(2) -0.0005(19) 0.004(2) 0.004(2) 
C4' 0.022(3) 0.010(2) 0.022(2) 0.0013(18) 0.0066(19) -0.0007(19) 
C5' 0.020(3) 0.016(2) 0.022(2) -0.0028(19) 0.0030(19) -0.002(2) 
C6' 0.027(3) 0.021(3) 0.015(2) -0.0021(19) -0.003(2) -0.004(2) 
C7' 0.027(3) 0.021(3) 0.026(3) -0.0009(19) -0.003(2) 0.006(2) 
C8' 0.020(3) 0.027(3) 0.031(3) -0.005(2) -0.002(2) 0.007(2) 
C9' 0.015(2) 0.022(3) 0.021(2) -0.004(2) 0.0017(19) 0.002(2) 
C10' 0.021(3) 0.033(3) 0.025(3) -0.007(2) 0.008(2) -0.007(2) 
C11' 0.033(3) 0.030(3) 0.024(3) -0.005(2) 0.010(2) -0.011(2) 
C12' 0.031(3) 0.021(3) 0.019(2) 0.002(2) 0.003(2) -0.004(2) 
C13' 0.021(3) 0.013(2) 0.017(2) 0.0029(18) 0.0028(19) -0.0016(19) 
C14' 0.049(4) 0.028(3) 0.016(2) 0.002(2) 0.007(2) -0.007(2) 
Cl3 0.0304(7) 0.0320(7) 0.0223(6) -0.0047(5) 0.0011(5) -0.0013(6) 
Cl4 0.0324(8) 0.0328(8) 0.0353(7) -0.0082(6) 0.0165(6) -0.0044(6) 
Cl5 0.0180(6) 0.0381(8) 0.0424(8) 0.0024(6) 0.0037(6) -0.0045(6) 
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C15 0.015(2) 0.028(3) 0.024(2) -0.002(2) 0.003(2) 0.000(2) 
Cl3' 0.0240(7) 0.0388(8) 0.0326(7) -0.0160(6) 0.0098(5) -0.0004(6) 
Cl4' 0.0245(7) 0.0300(7) 0.0313(6) -0.0073(6) 0.0163(5) -0.0054(5) 
Cl5' 0.0228(7) 0.0282(7) 0.0332(7) 0.0012(5) 0.0087(5) -0.0012(5) 
C15' 0.016(2) 0.029(3) 0.021(2) -0.007(2) 0.0062(19) -0.002(2) 
 
 
Table 5 . Bond Distances in Compound 72, Å 
Pd1-Cl1 2.3254(11)  Pd1-Cl2 2.3131(12)  Pd1-N1 2.103(4) 
Pd1-N2 2.144(4)  N1-C1 1.493(6)  N1-C6 1.517(6) 
N1-C14 1.503(6)  N2-C4 1.520(6)  N2-C9 1.519(6) 
N2-C13 1.524(5)  C1-C2 1.526(7)  C2-C3 1.526(7) 
C3-C4 1.526(6)  C4-C5 1.533(6)  C5-C6 1.513(6) 
C6-C7 1.548(7)  C7-C8 1.533(6)  C8-C9 1.535(6) 
C9-C10 1.519(6)  C10-C11 1.522(7)  C11-C12 1.504(7) 
C12-C13 1.527(6)  Pd1'-Cl1' 2.3373(11)  Pd1'-Cl2' 2.3223(12) 
Pd1'-N1' 2.086(4)  Pd1'-N2' 2.151(4)  N1'-C1' 1.493(7) 
N1'-C6' 1.519(6)  N1'-C14' 1.499(6)  N2'-C4' 1.519(6) 
N2'-C9' 1.514(6)  N2'-C13' 1.528(6)  C1'-C2' 1.503(7) 
C2'-C3' 1.523(7)  C3'-C4' 1.518(7)  C4'-C5' 1.528(6) 
C5'-C6' 1.510(7)  C6'-C7' 1.557(7)  C7'-C8' 1.509(7) 
C8'-C9' 1.533(7)  C9'-C10' 1.534(7)  C10'-C11' 1.513(7) 
C11'-C12' 1.514(7)  C12'-C13' 1.517(7)  Cl3-C15 1.757(5) 
Cl4-C15 1.764(5)  Cl5-C15 1.781(5)  Cl3'-C15' 1.770(5) 
Cl4'-C15' 1.765(5)  Cl5'-C15' 1.776(5)    
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Table 6 . Bond Angles in Compound 72, ° 
Cl2-Pd1-Cl1 85.71(4)  N1-Pd1-Cl1 171.50(11)  N1-Pd1-Cl2 92.78(11) 
N1-Pd1-N2 89.10(14)  N2-Pd1-Cl1 93.03(10)  N2-Pd1-Cl2 175.48(10) 
C1-N1-Pd1 111.1(3)  C1-N1-C6 113.9(4)  C1-N1-C14 107.2(4) 
C6-N1-Pd1 106.3(3)  C14-N1-Pd1 113.2(3)  C14-N1-C6 105.1(3) 
C4-N2-Pd1 116.3(3)  C4-N2-C13 107.9(3)  C9-N2-Pd1 106.6(3) 
C9-N2-C4 112.6(3)  C9-N2-C13 107.2(3)  C13-N2-Pd1 105.7(3) 
N1-C1-C2 115.3(4)  C1-C2-C3 117.3(4)  C2-C3-C4 116.1(4) 
N2-C4-C3 112.5(3)  N2-C4-C5 112.9(4)  C3-C4-C5 110.1(4) 
C6-C5-C4 115.5(4)  N1-C6-C7 110.3(4)  C5-C6-N1 112.3(4) 
C5-C6-C7 112.6(4)  C8-C7-C6 114.4(4)  C7-C8-C9 118.8(4) 
N2-C9-C8 114.4(4)  N2-C9-C10 113.0(4)  C10-C9-C8 108.7(4) 
C9-C10-C11 113.2(4)  C12-C11-C10 109.9(4)  C11-C12-C13 109.8(4) 
N2-C13-C12 114.1(4)  Cl2'-Pd1'-Cl1' 86.85(4)  N1'-Pd1'-Cl1' 167.24(12) 
N1'-Pd1'-Cl2' 92.81(11)  N1'-Pd1'-N2' 88.93(15)  N2'-Pd1'-Cl1' 94.07(10) 
N2'-Pd1'-Cl2' 167.93(11)  C1'-N1'-Pd1' 111.0(3)  C1'-N1'-C6' 113.5(4) 
C1'-N1'-C14' 108.0(4)  C6'-N1'-Pd1' 107.3(3)  C14'-N1'-Pd1' 112.4(3) 
C14'-N1'-C6' 104.6(4)  C4'-N2'-Pd1' 115.2(3)  C4'-N2'-C13' 108.4(3) 
C9'-N2'-Pd1' 109.0(3)  C9'-N2'-C4' 112.1(3)  C9'-N2'-C13' 107.8(3) 
C13'-N2'-Pd1' 103.6(3)  N1'-C1'-C2' 114.9(4)  C1'-C2'-C3' 117.9(4) 
C4'-C3'-C2' 116.7(4)  N2'-C4'-C5' 112.7(4)  C3'-C4'-N2' 113.1(4) 
C3'-C4'-C5' 109.9(4)  C6'-C5'-C4' 115.0(4)  N1'-C6'-C7' 110.1(4) 
C5'-C6'-N1' 112.4(4)  C5'-C6'-C7' 112.7(4)  C8'-C7'-C6' 115.1(4) 
C7'-C8'-C9' 119.2(4)  N2'-C9'-C8' 114.8(4)  N2'-C9'-C10' 112.1(4) 
C8'-C9'-C10' 110.7(4)  C11'-C10'-C9' 112.9(4)  C10'-C11'-C12' 111.1(4) 
C11'-C12'-C13' 110.1(4)  C12'-C13'-N2' 113.9(4)  Cl3-C15-Cl4 109.9(3) 
Cl3-C15-Cl5 110.9(3)  Cl4-C15-Cl5 109.8(3)  Cl3'-C15'-Cl5' 109.6(3) 
Cl4'-C15'-Cl3' 109.7(3)  Cl4'-C15'-Cl5' 109.2(3)    
This report has been created with Olex2 [6], compiled on 2017.08.10 svn.r3458 for OlexSys. 
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X-ray Structure Determination of Compound 87 
 
 
 
Compound 87, C46H108Li8N4O4, crystallizes in the monoclinic space group P21 (systematic absences 
0k0: k=odd) with a=16.5022(18)Å, b=10.2548(11)Å, c=17.2164(17)Å, β=104.336(4)°, V=2822.8(5)Å3, Z=2, 
and dcalc=0.985 g/cm3 . X-ray intensity data were collected on a Bruker APEXII [1] CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a temperature of 100K. Preliminary 
indexing was performed from a series of thirty-six 0.5° rotation frames with exposures of 10 seconds. A total 
of 2125 frames were collected with a crystal to detector distance of 37.8 mm, rotation widths of 0.5° and 
exposures of 30 seconds: 
scan type 2θ ω φ χ Frames 
w 14.90 11.02 255.00 -54.74 225 
w 14.90 11.02 102.00 -54.74 225 
w 14.90 11.02 0.00 -54.74 225 
w 14.90 11.02 204.00 -54.74 225 
w 14.90 11.02 51.00 -54.74 225 
w 14.90 11.02 306.00 -54.74 225 
w 14.90 11.02 153.00 -54.74 225 
f 14.90 5.72 360.00 -24.00 550 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 62799 reflections were measured over the ranges 2.548 ≤ 2θ ≤ 50.798°, -19 ≤ h ≤ 19, -12 ≤ k ≤ 12, -
15 ≤ l ≤ 20 yielding 10383 unique reflections (Rint = 0.0353). The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 0.6962, 
0.7452). The structure was solved by direct methods - ShelXT [4]. Refinement was by full-matrix least 
squares based on F2 using SHELXL-2018 [5]. All reflections were used during refinement. The weighting 
scheme used was w=1/[σ2(Fo2 )+ (0.0613P)2 + 0.5961P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were 
MeLi
N N
Li
LiMe
Me
MeLi
Et2O
Et2O
Me Li
NN
Li
Li Me
Me
Me Li
OEt2
OEt2
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refined anisotropically and hydrogen atoms were refined using a riding model. Refinement converged to 
R1=0.0415 and wR2=0.1040 for 9279 observed reflections for which F > 4σ(F) and R1=0.0490 and 
wR2=0.1078 and GOF =1.040 for all 10383 unique, non-zero reflections and 662 variables. The maximum 
Δ/σ in the final cycle of least squares was 0.000 and the two most prominent peaks in the final difference 
Fourier were +0.28 and -0.15 e/Å3. 
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 87 
 
Empirical formula C46H108Li8N4O4 
Formula weight 836.88 
Temperature/K 100 
Crystal system monoclinic 
Space group P21 
a 16.5022(18)Å 
b 10.2548(11)Å 
c 17.2164(17)Å 
β 104.336(4)° 
Volume 2822.8(5)Å3 
Z 2 
dcalc 0.985 g/cm3 
μ 0.058 mm-1 
F(000) 936.0 
Crystal size, mm 0.28 × 0.28 × 0.08 
2θ range for data collection     2.548 - 50.798° 
Index ranges -19 ≤ h ≤ 19, -12 ≤ k ≤ 12, -15 ≤ l ≤ 20 
Reflections collected 62799 
Independent reflections 10383[R(int) = 0.0353] 
Data/restraints/parameters 10383/63/662 
Goodness-of-fit on F2 1.040 
Final R indexes [I>=2σ (I)] R1 = 0.0415, wR2 = 0.1040 
Final R indexes [all data] R1 = 0.0490, wR2 = 0.1078 
Largest diff. peak/hole 0.28/-0.15 eÅ-3 
Flack parameter 0.1(3) 
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Table 2 . Refined Positional Parameters for Compound 87  
Atom x y z U(eq) 
O1 0.44953(12) 0.70866(18) 0.87912(11) 0.0270(4) 
O1' 0.30766(12) 0.69795(19) 0.14200(12) 0.0312(5) 
O2 0.17894(15) 0.3284(2) 0.86434(13) 0.0414(6) 
O2' 0.06308(12) 0.28575(18) 0.13118(11) 0.0291(5) 
N1 0.37945(13) 0.2585(2) 0.64404(12) 0.0213(5) 
N1' 0.06436(13) 0.6781(2) 0.35494(12) 0.0198(4) 
N2 0.39081(13) 0.3268(2) 0.38840(12) 0.0203(5) 
N2' 0.16078(13) 0.7741(2) 0.61748(12) 0.0209(5) 
C1 0.47152(16) 0.2649(3) 0.65901(16) 0.0240(6) 
C1' 0.06804(16) 0.8213(3) 0.34630(15) 0.0230(6) 
C2 0.50699(16) 0.3695(3) 0.61399(15) 0.0235(6) 
C2' 0.14388(17) 0.8906(3) 0.39784(15) 0.0237(6) 
C3 0.49719(16) 0.3419(3) 0.52466(15) 0.0215(6) 
C3' 0.14542(16) 0.9023(2) 0.48721(15) 0.0211(5) 
C4 0.41170(15) 0.3834(2) 0.47090(14) 0.0189(5) 
C4' 0.17986(15) 0.7812(2) 0.53714(15) 0.0200(5) 
C5 0.33873(15) 0.3670(2) 0.51047(14) 0.0187(5) 
C5' 0.15849(15) 0.6524(2) 0.49182(14) 0.0177(5) 
C6 0.33319(16) 0.2424(2) 0.55825(15) 0.0210(5) 
C6' 0.07028(15) 0.6311(2) 0.43847(14) 0.0186(5) 
C7 0.35390(17) 0.1163(2) 0.51861(16) 0.0235(6) 
C7' -0.00025(15) 0.6786(3) 0.47586(14) 0.0196(5) 
C8 0.32611(17) 0.1179(3) 0.42692(16) 0.0254(6) 
C8' 0.01912(16) 0.6611(3) 0.56714(15) 0.0226(6) 
C9 0.38685(17) 0.1831(3) 0.38522(16) 0.0246(6) 
C9' 0.07058(16) 0.7701(3) 0.61578(15) 0.0228(5) 
C10 0.35949(18) 0.1491(3) 0.69165(17) 0.0281(6) 
C10' -0.01447(16) 0.6324(3) 0.30137(15) 0.0240(6) 
C11 0.45374(17) 0.3685(3) 0.34567(16) 0.0259(6) 
C11' 0.19748(18) 0.8877(3) 0.66614(16) 0.0273(6) 
C12 0.36418(14) 0.6339(2) 0.68118(14) 0.0106(4) 
C12' 0.14429(13) 0.3664(2) 0.32705(13) 0.0082(4) 
C13 0.19300(14) 0.4000(2) 0.67249(13) 0.0103(4) 
C13' 0.29428(14) 0.6343(2) 0.33285(13) 0.0092(4) 
C14 0.38540(15) 0.3950(2) 0.84074(14) 0.0155(5) 
C14' 0.11149(16) 0.6143(2) 0.16424(14) 0.0161(5) 
C15 0.23003(15) 0.6539(2) 0.82326(13) 0.0122(5) 
C15' 0.27258(15) 0.3670(2) 0.18347(14) 0.0131(5) 
C16 0.4225(2) 0.9380(3) 0.85127(19) 0.0417(8) 
C16' 0.3688(2) 0.5910(4) 0.04476(18) 0.0422(8) 
C17 0.4383(2) 0.8326(3) 0.91398(17) 0.0319(7) 
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C17' 0.38462(19) 0.6631(4) 0.12261(18) 0.0386(7) 
C18 0.53366(18) 0.6837(3) 0.87384(17) 0.0342(7) 
C18' 0.2796(2) 0.8283(3) 0.1193(2) 0.0402(8) 
C19 0.5852(2) 0.6255(4) 0.9498(2) 0.0486(9) 
C19' 0.3174(2) 0.9256(4) 0.1831(2) 0.0486(9) 
C20 0.2249(7) 0.1101(11) 0.8559(6) 0.0325(19) 
C20' 0.1013(3) 0.0629(3) 0.1763(3) 0.0524(9) 
C20* 0.2058(15) 0.097(2) 0.8727(14) 0.078(7) 
C21 0.1830(4) 0.2022(6) 0.9016(4) 0.0347(14) 
C21' 0.0856(2) 0.1592(3) 0.10761(19) 0.0401(8) 
C21* 0.2293(7) 0.2240(10) 0.9168(6) 0.041(2) 
C22 0.10601(19) 0.3876(4) 0.87878(19) 0.0423(8) 
C22' -0.02357(18) 0.2984(3) 0.13074(17) 0.0325(7) 
C23 0.1195(2) 0.4449(3) 0.96027(19) 0.0422(8) 
C23' -0.0760(2) 0.3407(4) 0.0503(2) 0.0466(8) 
Li1 0.3343(3) 0.4223(4) 0.7035(3) 0.0245(9) 
Li1' 0.1550(3) 0.5824(4) 0.3018(3) 0.0226(9) 
Li2 0.2301(3) 0.6128(4) 0.6913(3) 0.0240(9) 
Li2' 0.2766(3) 0.4150(4) 0.3159(3) 0.0231(9) 
Li3 0.3591(3) 0.6064(4) 0.8094(3) 0.0238(9) 
Li3' 0.2502(3) 0.5823(4) 0.2019(3) 0.0255(10) 
Li4 0.2460(3) 0.4356(5) 0.8048(3) 0.0274(10) 
Li4' 0.1443(3) 0.4046(5) 0.1984(3) 0.0257(9) 
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Table 3 . Positional Parameters for Hydrogens in Compound 87  
Atom x y z U(eq) 
H1a 0.491675 0.179034 0.645296 0.029 
H1b 0.495 0.278618 0.717161 0.029 
H1'a 0.017369 0.859078 0.358466 0.028 
H1'b 0.065419 0.841018 0.289438 0.028 
H2a 0.567242 0.380133 0.639933 0.028 
H2b 0.479061 0.453281 0.619332 0.028 
H2'a 0.146512 0.979437 0.376045 0.028 
H2'b 0.194784 0.843477 0.393115 0.028 
H3a 0.504906 0.247288 0.51746 0.026 
H3b 0.541934 0.388331 0.506759 0.026 
H3'a 0.180025 0.978617 0.509869 0.025 
H3'b 0.087803 0.918922 0.492141 0.025 
H4 0.416379 0.47947 0.463118 0.023 
H4' 0.2487 0.788973 0.548491 0.024 
H5a 0.286256 0.374006 0.467778 0.022 
H5b 0.340036 0.441983 0.546975 0.022 
H5'a 0.16974 0.581384 0.531981 0.021 
H5'b 0.198293 0.64126 0.457726 0.021 
H6 0.272946 0.234376 0.558813 0.025 
H6' 0.063304 0.534285 0.433801 0.022 
H7a 0.415077 0.101687 0.53514 0.028 
H7b 0.326589 0.041956 0.53866 0.028 
H7'a -0.010799 0.772126 0.46302 0.024 
H7'b -0.052105 0.630214 0.451015 0.024 
H8a 0.317173 0.026813 0.407658 0.03 
H8b 0.271626 0.163435 0.410614 0.03 
H8'a -0.034422 0.653886 0.583 0.027 
H8'b 0.049576 0.577859 0.58131 0.027 
H9a 0.44358 0.148717 0.40928 0.03 
H9b 0.371645 0.156349 0.328192 0.03 
H9'a 0.04537 0.854393 0.594366 0.027 
H9'b 0.065441 0.763002 0.671709 0.027 
H10a 0.298683 0.142156 0.683107 0.042 
H10b 0.385078 0.164522 0.74862 0.042 
H10c 0.381423 0.067854 0.674858 0.042 
H10d -0.018541 0.537457 0.305924 0.036 
H10e -0.01555 0.655495 0.245893 0.036 
H10f -0.061793 0.673713 0.316639 0.036 
H11a 0.457209 0.463905 0.345996 0.039 
H11b 0.437397 0.337278 0.290176 0.039 
H11c 0.508389 0.331968 0.372477 0.039 
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H11d 0.256869 0.894731 0.666771 0.041 
H11e 0.191733 0.876731 0.721072 0.041 
H11f 0.168251 0.967135 0.642937 0.041 
H12a 0.3465(15) 0.651(3) 0.6307(9) 0.016 
H12b 0.3740(16) 0.7152(15) 0.6960(15) 0.016 
H12c 0.4164(10) 0.608(3) 0.6890(15) 0.016 
H12d 0.1470(15) 0.393(2) 0.3753(9) 0.012 
H12e 0.0922(9) 0.353(3) 0.3039(13) 0.012 
H12f 0.1618(15) 0.2848(15) 0.3271(14) 0.012 
H13a 0.1881(16) 0.401(3) 0.6214(8) 0.015 
H13b 0.1944(16) 0.3220(16) 0.6940(14) 0.015 
H13c 0.1464(11) 0.436(2) 0.6766(15) 0.015 
H13d 0.3032(15) 0.631(3) 0.3847(8) 0.014 
H13e 0.2764(15) 0.7141(15) 0.3238(15) 0.014 
H13f 0.3395(11) 0.641(3) 0.3166(14) 0.014 
H14a 0.4044(17) 0.439(2) 0.8864(11) 0.023 
H14b 0.3703(17) 0.3165(17) 0.8539(16) 0.023 
H14c 0.4290(13) 0.381(3) 0.8212(16) 0.023 
H14d 0.1034(18) 0.6953(16) 0.1795(16) 0.024 
H14e 0.1283(17) 0.623(3) 0.1185(11) 0.024 
H14f 0.0608(11) 0.579(3) 0.1483(16) 0.024 
H15a 0.2220(16) 0.623(3) 0.8685(11) 0.018 
H15b 0.1796(10) 0.671(3) 0.7929(14) 0.018 
H15c 0.2586(15) 0.7245(18) 0.8389(15) 0.018 
H15d 0.2426(15) 0.356(3) 0.1347(10) 0.02 
H15e 0.2872(16) 0.2918(17) 0.2066(15) 0.02 
H15f 0.3208(11) 0.396(3) 0.1794(16) 0.02 
H16a 0.371339 0.918055 0.810158 0.062 
H16b 0.469874 0.942777 0.826461 0.062 
H16c 0.416085 1.021944 0.876317 0.062 
H16d 0.332419 0.64334 0.00253 0.063 
H16e 0.341551 0.507659 0.049832 0.063 
H16f 0.422054 0.574917 0.030906 0.063 
H17a 0.488986 0.854255 0.956459 0.038 
H17b 0.390419 0.827593 0.938926 0.038 
H17c 0.418288 0.607774 0.165853 0.046 
H17d 0.417124 0.743083 0.119104 0.046 
H18a 0.55963 0.766338 0.862683 0.041 
H18b 0.532576 0.623218 0.828766 0.041 
H18c 0.217871 0.831731 0.10912 0.048 
H18d 0.294736 0.851782 0.068959 0.048 
H19a 0.642528 0.611844 0.944852 0.073 
H19b 0.56104 0.541682 0.959675 0.073 
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H19c 0.585927 0.684781 0.994584 0.073 
H19d 0.294171 1.012226 0.167077 0.073 
H19e 0.378199 0.927603 0.190262 0.073 
H19f 0.304617 0.90047 0.233706 0.073 
H20a 0.188854 0.096804 0.801994 0.049 
H20b 0.23474 0.026345 0.88404 0.049 
H20c 0.278446 0.147188 0.851846 0.049 
H20d 0.111989 -0.023581 0.156844 0.079 
H20e 0.052077 0.059064 0.198496 0.079 
H20f 0.149975 0.091019 0.218172 0.079 
H20g 0.145616 0.082384 0.864569 0.118 
H20h 0.23685 0.025725 0.904196 0.118 
H20i 0.219562 0.101857 0.820555 0.118 
H21a 0.125999 0.170839 0.900434 0.042 
H21b 0.215402 0.20748 0.958186 0.042 
H21c 0.136727 0.166916 0.087577 0.048 
H21d 0.040114 0.125978 0.06322 0.048 
H21e 0.289937 0.240886 0.925407 0.049 
H21f 0.215542 0.221366 0.969607 0.049 
H22a 0.061106 0.321393 0.871473 0.051 
H22b 0.086751 0.457099 0.838513 0.051 
H22c -0.029338 0.363063 0.171736 0.039 
H22d -0.04448 0.213623 0.145256 0.039 
H23a 0.13438 0.375677 1.000504 0.063 
H23b 0.068034 0.487935 0.965441 0.063 
H23c 0.164886 0.50899 0.968598 0.063 
H23d -0.067686 0.279989 0.008975 0.07 
H23e -0.059375 0.428625 0.038198 0.07 
H23f -0.135134 0.340956 0.051261 0.07 
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Table 4 . Refined Thermal Parameters (U's) for Compound 87  
Atom U11 U22 U33 U23 U13 U12 
O1 0.0269(11) 0.0240(10) 0.0293(10) -0.0029(8) 0.0055(8) -0.0043(8) 
O1' 0.0325(11) 0.0292(11) 0.0367(11) 0.0075(9) 0.0178(9) 0.0008(9) 
O2 0.0646(16) 0.0300(11) 0.0400(12) 0.0126(10) 0.0331(11) 0.0136(11) 
O2' 0.0318(11) 0.0250(11) 0.0318(10) -0.0052(8) 0.0105(9) -0.0061(8) 
N1 0.0225(11) 0.0164(10) 0.0252(11) 0.0048(9) 0.0060(9) -0.0010(9) 
N1' 0.0192(11) 0.0175(10) 0.0222(11) 0.0017(9) 0.0044(9) 0.0005(9) 
N2 0.0207(11) 0.0184(10) 0.0227(11) -0.0001(9) 0.0071(9) 0.0009(9) 
N2' 0.0199(11) 0.0175(11) 0.0242(11) -0.0025(9) 0.0032(9) -0.0008(9) 
C1 0.0226(13) 0.0230(13) 0.0245(13) 0.0034(11) 0.0022(11) 0.0027(11) 
C1' 0.0253(14) 0.0202(13) 0.0235(13) 0.0035(11) 0.0063(11) 0.0040(11) 
C2 0.0182(13) 0.0222(13) 0.0273(14) 0.0011(11) 0.0004(11) -0.0017(11) 
C2' 0.0278(14) 0.0166(12) 0.0273(14) 0.0047(11) 0.0076(11) -0.0008(11) 
C3 0.0185(13) 0.0179(13) 0.0283(14) 0.0020(11) 0.0062(11) -0.0013(10) 
C3' 0.0216(13) 0.0130(12) 0.0286(14) -0.0008(11) 0.0061(11) -0.0020(10) 
C4 0.0197(13) 0.0127(12) 0.0241(12) -0.0002(10) 0.0051(10) -0.0009(10) 
C4' 0.0154(12) 0.0186(13) 0.0256(13) 0.0006(10) 0.0044(10) -0.0002(10) 
C5 0.0195(13) 0.0146(12) 0.0212(13) 0.0002(10) 0.0037(10) 0.0013(10) 
C5' 0.0169(12) 0.0147(12) 0.0217(12) 0.0015(10) 0.0053(10) 0.0046(10) 
C6 0.0182(13) 0.0177(13) 0.0277(14) 0.0003(11) 0.0069(11) -0.0017(10) 
C6' 0.0198(13) 0.0157(12) 0.0206(12) 0.0003(10) 0.0056(10) -0.0009(10) 
C7 0.0223(14) 0.0159(13) 0.0329(15) 0.0014(11) 0.0079(11) -0.0006(11) 
C7' 0.0169(12) 0.0182(13) 0.0238(13) 0.0003(10) 0.0051(11) -0.0027(10) 
C8 0.0246(14) 0.0161(13) 0.0345(15) -0.0038(11) 0.0055(12) -0.0002(11) 
C8' 0.0217(13) 0.0226(14) 0.0248(13) 0.0003(11) 0.0083(11) -0.0020(11) 
C9 0.0285(15) 0.0188(13) 0.0263(14) -0.0044(11) 0.0062(11) 0.0015(11) 
C9' 0.0242(13) 0.0231(13) 0.0222(13) -0.0016(11) 0.0075(11) 0.0021(11) 
C10 0.0361(16) 0.0187(13) 0.0318(15) 0.0068(11) 0.0130(12) -0.0010(12) 
C10' 0.0220(13) 0.0267(14) 0.0224(13) 0.0016(11) 0.0038(11) 0.0013(11) 
C11 0.0257(14) 0.0276(14) 0.0265(14) 0.0007(11) 0.0108(11) 0.0011(12) 
C11' 0.0322(15) 0.0190(13) 0.0279(14) -0.0044(11) 0.0024(12) -0.0003(12) 
C12 0.0098(11) 0.0069(10) 0.0136(11) 0.0001(9) -0.0003(9) 0.0015(9) 
C12' 0.0061(10) 0.0091(11) 0.0091(10) 0.0004(9) 0.0012(9) 0.0011(9) 
C13 0.0106(11) 0.0068(11) 0.0143(11) 0.0045(9) 0.0048(9) 0.0006(9) 
C13' 0.0081(11) 0.0091(10) 0.0120(10) 0.0028(9) 0.0058(9) 0.0031(9) 
C14 0.0163(12) 0.0137(12) 0.0150(12) -0.0007(10) 0.0010(10) -0.0018(10) 
C14' 0.0167(12) 0.0181(13) 0.0150(12) -0.0003(10) 0.0067(10) -0.0024(10) 
C15 0.0130(12) 0.0130(11) 0.0100(11) 0.0011(9) 0.0018(9) -0.0001(10) 
C15' 0.0127(12) 0.0142(12) 0.0127(11) 0.0021(9) 0.0038(9) 0.0016(10) 
C16 0.058(2) 0.0288(16) 0.0330(17) 0.0042(13) 0.0017(15) -0.0058(15) 
C16' 0.046(2) 0.052(2) 0.0326(17) 0.0047(15) 0.0166(15) 0.0004(16) 
C17 0.0410(18) 0.0250(15) 0.0276(15) -0.0005(12) 0.0044(13) -0.0028(13) 
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C17' 0.0307(16) 0.051(2) 0.0366(16) 0.0035(15) 0.0125(13) -0.0027(15) 
C18 0.0287(16) 0.0437(18) 0.0311(15) -0.0014(14) 0.0092(13) -0.0067(14) 
C18' 0.0401(19) 0.0363(17) 0.0415(18) 0.0122(14) 0.0047(15) -0.0024(15) 
C19 0.0413(19) 0.065(2) 0.0371(17) 0.0014(17) 0.0047(15) 0.0123(18) 
C19' 0.054(2) 0.0369(18) 0.054(2) 0.0032(16) 0.0113(18) -0.0018(16) 
C20 0.042(4) 0.021(4) 0.035(3) 0.000(3) 0.009(3) 0.006(3) 
C20' 0.057(2) 0.0296(18) 0.073(3) 0.0061(17) 0.020(2) -0.0007(16) 
C20* 0.086(14) 0.043(8) 0.096(15) 0.019(9) 0.002(10) 0.004(9) 
C21 0.041(4) 0.030(3) 0.034(3) 0.007(2) 0.011(3) 0.009(3) 
C21' 0.049(2) 0.0283(16) 0.0469(19) -0.0115(14) 0.0184(16) -0.0079(15) 
C21* 0.042(5) 0.040(5) 0.041(5) 0.022(4) 0.012(5) 0.012(5) 
C22 0.0290(16) 0.063(2) 0.0354(16) 0.0020(16) 0.0085(13) -0.0085(16) 
C22' 0.0285(15) 0.0383(18) 0.0311(15) -0.0038(13) 0.0084(12) -0.0099(13) 
C23 0.048(2) 0.044(2) 0.0392(18) 0.0053(15) 0.0207(16) 0.0100(16) 
C23' 0.041(2) 0.054(2) 0.0384(18) -0.0034(16) -0.0014(15) -0.0026(16) 
Li1 0.022(2) 0.022(2) 0.030(2) 0.0003(18) 0.0073(19) -0.0011(18) 
Li1' 0.020(2) 0.026(2) 0.022(2) 0.0017(18) 0.0052(18) 0.0025(18) 
Li2 0.025(2) 0.022(2) 0.024(2) 0.0019(18) 0.0049(19) 0.0016(18) 
Li2' 0.022(2) 0.023(2) 0.024(2) 0.0003(18) 0.0062(18) 0.0023(18) 
Li3 0.022(2) 0.021(2) 0.027(2) -0.0005(18) 0.0053(18) -0.0003(18) 
Li3' 0.024(2) 0.022(2) 0.033(2) 0.0021(19) 0.012(2) -0.0015(19) 
Li4 0.027(2) 0.032(3) 0.023(2) 0.0026(19) 0.0064(19) 0.001(2) 
Li4' 0.026(2) 0.025(2) 0.026(2) -0.0004(19) 0.0055(18) 0.000(2) 
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Table 5 . Bond Distances in Compound 87, Å 
O1-C17 1.437(3)  O1-C18 1.436(3)  O1-Li3 1.971(5) 
O1'-C17' 1.436(4)  O1'-C18' 1.437(4)  O1'-Li3' 1.963(5) 
O2-C21 1.438(6)  O2-C21* 1.510(9)  O2-C22 1.424(4) 
O2-Li4 2.012(5)  O2'-C21' 1.436(4)  O2'-C22' 1.434(3) 
O2'-Li4' 1.963(5)  N1-C1 1.478(3)  N1-C6 1.494(3) 
N1-C10 1.474(3)  N1-Li1 2.192(5)  N1'-C1' 1.479(3) 
N1'-C6' 1.497(3)  N1'-C10' 1.473(3)  N1'-Li1' 2.172(5) 
N2-C4 1.493(3)  N2-C9 1.476(3)  N2-C11 1.477(3) 
N2-Li2' 2.182(5)  N2'-C4' 1.494(3)  N2'-C9' 1.482(3) 
N2'-C11' 1.474(3)  N2'-Li2 2.223(5)  C1-C2 1.523(4) 
C1'-C2' 1.520(4)  C2-C3 1.532(3)  C2'-C3' 1.537(3) 
C3-C4 1.543(3)  C3'-C4' 1.537(4)  C4-C5 1.533(3) 
C4'-C5' 1.530(4)  C5-C6 1.534(3)  C5'-C6' 1.532(3) 
C6-C7 1.540(4)  C6'-C7' 1.542(3)  C7-C8 1.531(4) 
C7'-C8' 1.535(3)  C8-C9 1.524(4)  C8'-C9' 1.523(4) 
C12-Li1 2.279(5)  C12-Li2 2.273(5)  C12-Li3 2.247(5) 
C12'-Li1' 2.273(5)  C12'-Li2' 2.294(5)  C12'-Li4' 2.250(5) 
C13-Li1 2.270(5)  C13-Li2 2.268(5)  C13-Li4 2.258(5) 
C13'-Li1' 2.289(5)  C13'-Li2' 2.277(5)  C13'-Li3' 2.254(5) 
C14-Li1 2.321(5)  C14-Li3 2.250(5)  C14-Li4 2.269(5) 
C14'-Li1' 2.321(5)  C14'-Li3' 2.244(5)  C14'-Li4' 2.260(5) 
C15-Li2 2.310(5)  C15-Li3 2.255(5)  C15-Li4 2.285(5) 
C15'-Li2' 2.317(5)  C15'-Li3' 2.274(5)  C15'-Li4' 2.228(5) 
C16-C17 1.504(4)  C16'-C17' 1.496(5)  C18-C19 1.496(4) 
C18'-C19' 1.501(5)  C20-C21 1.502(11)  C20'-C21' 1.513(5) 
C20*-C21* 1.51(2)  C22-C23 1.486(5)  C22'-C23' 1.504(4) 
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Table 6 . Bond Angles in Compound 87, ° 
C17-O1-Li3 124.7(2)  C18-O1-C17 114.2(2)  C18-O1-Li3 117.7(2) 
C17'-O1'-C18' 114.4(2)  C17'-O1'-Li3' 122.8(2)  C18'-O1'-Li3' 122.7(2) 
C21-O2-Li4 138.4(3)  C21*-O2-Li4 113.7(5)  C22-O2-C21 104.7(3) 
C22-O2-C21* 124.2(4)  C22-O2-Li4 116.8(2)  C21'-O2'-Li4' 122.7(2) 
C22'-O2'-C21' 114.1(2)  C22'-O2'-Li4' 118.8(2)  C1-N1-C6 115.38(19) 
C1-N1-Li1 109.8(2)  C6-N1-Li1 113.35(19)  C10-N1-C1 107.4(2) 
C10-N1-C6 109.6(2)  C10-N1-Li1 100.09(19)  C1'-N1'-C6' 114.95(19) 
C1'-N1'-Li1' 110.88(19)  C6'-N1'-Li1' 111.81(18)  C10'-N1'-C1' 107.8(2) 
C10'-N1'-C6' 109.67(19)  C10'-N1'-Li1' 100.74(19)  C4-N2-Li2' 110.26(18) 
C9-N2-C4 114.9(2)  C9-N2-C11 107.5(2)  C9-N2-Li2' 111.6(2) 
C11-N2-C4 109.64(19)  C11-N2-Li2' 102.07(19)  C4'-N2'-Li2 111.66(19) 
C9'-N2'-C4' 115.08(19)  C9'-N2'-Li2 111.24(19)  C11'-N2'-C4' 109.7(2) 
C11'-N2'-C9' 107.6(2)  C11'-N2'-Li2 100.49(19)  N1-C1-C2 116.8(2) 
N1'-C1'-C2' 117.0(2)  C1-C2-C3 115.0(2)  C1'-C2'-C3' 115.3(2) 
C2-C3-C4 113.9(2)  C4'-C3'-C2' 114.1(2)  N2-C4-C3 115.1(2) 
N2-C4-C5 111.01(19)  C5-C4-C3 113.9(2)  N2'-C4'-C3' 115.0(2) 
N2'-C4'-C5' 110.8(2)  C5'-C4'-C3' 113.9(2)  C4-C5-C6 119.2(2) 
C4'-C5'-C6' 119.6(2)  N1-C6-C5 110.8(2)  N1-C6-C7 114.6(2) 
C5-C6-C7 114.4(2)  N1'-C6'-C5' 110.86(19)  N1'-C6'-C7' 115.0(2) 
C5'-C6'-C7' 114.06(19)  C8-C7-C6 113.9(2)  C8'-C7'-C6' 113.8(2) 
C9-C8-C7 115.2(2)  C9'-C8'-C7' 115.1(2)  N2-C9-C8 116.7(2) 
N2'-C9'-C8' 116.9(2)  Li2-C12-Li1 68.94(17)  Li3-C12-Li1 69.66(17) 
Li3-C12-Li2 68.81(17)  Li1'-C12'-Li2' 69.60(17)  Li4'-C12'-Li1' 67.85(17) 
Li4'-C12'-Li2' 69.37(17)  Li2-C13-Li1 69.17(17)  Li4-C13-Li1 68.17(18) 
Li4-C13-Li2 71.12(18)  Li2'-C13'-Li1' 69.61(17)  Li3'-C13'-Li1' 69.83(17) 
Li3'-C13'-Li2' 68.85(17)  Li3-C14-Li1 68.85(17)  Li3-C14-Li4 68.59(18) 
Li4-C14-Li1 67.13(17)  Li3'-C14'-Li1' 69.42(17)  Li3'-C14'-Li4' 67.92(17) 
Li4'-C14'-Li1' 66.86(17)  Li3-C15-Li2 68.03(17)  Li3-C15-Li4 68.22(18) 
Li4-C15-Li2 69.89(17)  Li3'-C15'-Li2' 67.82(17)  Li4'-C15'-Li2' 69.33(17) 
Li4'-C15'-Li3' 67.95(17)  O1-C17-C16 110.7(2)  O1'-C17'-C16' 111.3(3) 
O1-C18-C19 111.4(2)  O1'-C18'-C19' 111.8(3)  O2-C21-C20 108.0(6) 
O2'-C21'-C20' 112.0(3)  C20*-C21*-O2 105.9(12)  O2-C22-C23 113.5(3) 
O2'-C22'-C23' 112.1(2)  N1-Li1-C12 122.6(2)  N1-Li1-C13 105.1(2) 
N1-Li1-C14 107.6(2)  C12-Li1-C14 104.3(2)  C13-Li1-C12 108.0(2) 
C13-Li1-C14 108.68(19)  N1'-Li1'-C12' 105.38(19)  N1'-Li1'-C13' 123.6(2) 
N1'-Li1'-C14' 107.14(19)  C12'-Li1'-C13' 107.64(19)  C12'-Li1'-C14' 108.3(2) 
C13'-Li1'-C14' 104.16(18)  N2'-Li2-C12 104.94(19)  N2'-Li2-C13 123.5(2) 
N2'-Li2-C15 107.5(2)  C12-Li2-C15 107.2(2)  C13-Li2-C12 108.3(2) 
C13-Li2-C15 104.52(19)  N2-Li2'-C12' 124.6(2)  N2-Li2'-C13' 105.7(2) 
N2-Li2'-C15' 106.59(19)  C12'-Li2'-C15' 103.88(19)  C13'-Li2'-C12' 107.33(19) 
C13'-Li2'-C15' 107.89(19)  O1-Li3-C12 109.0(2)  O1-Li3-C14 107.1(2) 
O1-Li3-C15 114.4(2)  C12-Li3-C14 107.8(2)  C12-Li3-C15 110.1(2) 
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C14-Li3-C15 108.3(2)  O1'-Li3'-C13' 107.7(2)  O1'-Li3'-C14' 110.5(2) 
O1'-Li3'-C15' 113.4(2)  C13'-Li3'-C15' 110.2(2)  C14'-Li3'-C13' 107.9(2) 
C14'-Li3'-C15' 106.9(2)  O2-Li4-C13 107.5(2)  O2-Li4-C14 114.1(2) 
O2-Li4-C15 111.6(2)  C13-Li4-C14 111.0(2)  C13-Li4-C15 105.7(2) 
C14-Li4-C15 106.6(2)  O2'-Li4'-C12' 107.8(2)  O2'-Li4'-C14' 110.7(2) 
O2'-Li4'-C15' 110.8(2)  C12'-Li4'-C14' 111.3(2)  C15'-Li4'-C12' 108.4(2) 
C15'-Li4'-C14' 107.9(2)       
This report has been created with Olex2 [6], compiled on 2018.05.29 svn.r3508 for OlexSys. 
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X-ray Structure Determination of Compound 125 
 
 
 
Compound 125, C44H88Cl8N8O2Zn2, crystallizes in the monoclinic space group P21 (systematic 
absences 0k0: k=odd) with a=9.5402(4)Å, b=18.7837(7)Å, c=15.9067(6)Å, β=103.772(2)°, 
V=2768.54(19)Å3, Z=2, and dcalc=1.410 g/cm3 . X-ray intensity data were collected on a Bruker D8QUEST 
[1] CMOS area detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a 
temperature of 100K. Preliminary indexing was performed from a series of twenty-four 0.5° rotation frames 
with exposures of 10 seconds. A total of 1216 frames were collected with a crystal to detector distance of 
33.0 mm, rotation widths of 0.5° and exposures of 20 seconds: 
scan type 2θ ω φ χ Frames 
w 7.71 201.40 144.00 54.72 304 
w 7.71 201.40 216.00 54.72 304 
w 7.71 201.40 0.00 54.72 304 
w 7.71 201.40 72.00 54.72 304 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 49483 reflections were measured over the ranges 6.008 ≤ 2θ ≤ 55.092°, -12 ≤ h ≤ 12, -24 ≤ k ≤ 24, -
19 ≤ l ≤ 20 yielding 12688 unique reflections (Rint = 0.0624). The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 0.6744, 
0.7456). The structure was solved by direct methods - ShelXT [4]. Refinement was by full-matrix least 
squares based on F2 using SHELXL-2017 [5]. All reflections were used during refinement. The weighting 
scheme used was w=1/[σ2(Fo2 )+ (0.0581P)2 + 2.7889P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were 
refined anisotropically and hydrogen atoms were refined using a riding model. Refinement converged to 
R1=0.0590 and wR2=0.1225 for 9745 observed reflections for which F > 4σ(F) and R1=0.0859 and 
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H
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wR2=0.1342 and GOF =1.067 for all 12688 unique, non-zero reflections and 673 variables. The maximum 
Δ/σ in the final cycle of least squares was 0.005 and the two most prominent peaks in the final difference 
Fourier were +1.58 and -0.46 e/Å3. 
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 125 
 
Empirical formula C44H88Cl8N8O2Zn2 
Formula weight 1175.56 
Temperature/K 100 
Crystal system monoclinic 
Space group P21 
a 9.5402(4)Å 
b 18.7837(7)Å 
c 15.9067(6)Å 
β 103.772(2)° 
Volume 2768.54(19)Å3 
Z 2 
dcalc 1.410 g/cm3 
μ 1.295 mm-1 
F(000) 1240.0 
Crystal size, mm 0.21 × 0.19 × 0.05 
2θ range for data collection     6.008 - 55.092° 
Index ranges -12 ≤ h ≤ 12, -24 ≤ k ≤ 24, -19 ≤ l ≤ 20 
Reflections collected 49483 
Independent reflections 12688[R(int) = 0.0624] 
Data/restraints/parameters 12688/211/673 
Goodness-of-fit on F2 1.067 
Final R indexes [I>=2σ (I)] R1 = 0.0590, wR2 = 0.1225 
Final R indexes [all data] R1 = 0.0859, wR2 = 0.1342 
Largest diff. peak/hole 1.58/-0.46 eÅ-3 
Flack parameter 0.022(5) 
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Table 2 . Refined Positional Parameters for Compound 125  
Atom x y z U(eq) 
Zn1 0.3131(3) 0.53815(13) 0.00782(16) 0.0278(5) 
Cl1 0.3712(7) 0.4568(3) 0.1155(3) 0.087(2) 
Cl2 0.4971(2) 0.53329(13) -0.06629(18) 0.0334(5) 
Cl3 0.1129(5) 0.5078(4) -0.0936(5) 0.0363(14) 
Cl4 0.2872(4) 0.64892(17) 0.0552(2) 0.0525(9) 
Zn1* 0.287(2) 0.5295(12) 0.0254(13) 0.045(4) 
Cl1* 0.303(3) 0.4428(17) 0.112(2) 0.048(6) 
Cl2* 0.493(2) 0.5454(13) -0.0108(16) 0.070(5) 
Cl3* 0.141(4) 0.504(2) -0.107(3) 0.041(7) 
Cl4* 0.220(2) 0.6335(10) 0.0710(14) 0.046(4) 
Zn2 1.06972(10) 0.45759(5) 0.53337(7) 0.0213(2) 
Cl5 0.8566(2) 0.42049(15) 0.55991(16) 0.0334(6) 
Cl6 1.1762(2) 0.36472(10) 0.48166(15) 0.0268(4) 
Cl7 1.0410(2) 0.55171(10) 0.44173(15) 0.0240(5) 
Cl8 1.2135(3) 0.48672(11) 0.66513(17) 0.0368(6) 
Zn2* 1.064(3) 0.4490(13) 0.4903(17) 0.034(4) 
Cl5* 0.868(6) 0.410(3) 0.524(4) 0.033(8) 
Cl6* 1.161(5) 0.359(2) 0.432(3) 0.033(7) 
Cl7* 1.016(5) 0.536(3) 0.399(3) 0.032(7) 
Cl8* 1.222(5) 0.492(2) 0.617(4) 0.037(7) 
O1 0.5075(6) 0.4447(4) 0.5831(4) 0.0408(15) 
O2 0.6238(12) 0.4806(6) 0.7588(7) 0.0405(19) 
O3 0.8735(11) 0.5394(7) 0.7268(7) 0.0405(19) 
N1 0.7419(6) 0.7989(3) 0.2319(4) 0.0237(13) 
N2 0.7759(7) 0.6940(3) 0.1173(4) 0.0276(14) 
N3 0.7896(7) 0.4975(3) 0.0612(4) 0.0245(13) 
N4 0.9020(6) 0.2906(3) 0.1997(4) 0.0277(14) 
N5 0.7568(6) 0.1897(3) 0.2742(4) 0.0229(13) 
N6 0.5545(6) 0.2894(3) 0.3545(4) 0.0181(12) 
N7 0.5465(6) 0.4829(3) 0.4216(4) 0.0183(12) 
N8 0.5953(6) 0.7020(3) 0.3203(4) 0.0177(12) 
C1 0.8779(8) 0.7919(4) 0.3051(5) 0.0291(17) 
C2 0.9493(8) 0.7203(4) 0.3010(5) 0.0280(17) 
C3 1.0131(8) 0.7075(4) 0.2232(5) 0.0333(18) 
C4 0.9191(8) 0.7281(4) 0.1348(5) 0.0284(17) 
C5 0.9011(9) 0.8105(4) 0.1299(5) 0.0344(19) 
C6 0.7698(8) 0.8413(4) 0.1573(5) 0.0281(17) 
C7 0.6384(9) 0.8444(4) 0.0813(5) 0.038(2) 
C8 0.5770(9) 0.7733(5) 0.0440(5) 0.038(2) 
C9 0.6832(9) 0.7182(4) 0.0322(5) 0.0331(18) 
C10 0.7711(9) 0.6176(4) 0.1285(5) 0.0279(17) 
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C11 0.8390(9) 0.5736(4) 0.0678(5) 0.0329(18) 
C12 0.8474(9) 0.4597(5) -0.0065(5) 0.038(2) 
C13 0.8073(11) 0.3830(5) -0.0243(5) 0.044(2) 
C14 0.8849(9) 0.3304(4) 0.0442(5) 0.0336(19) 
C15 0.8108(8) 0.3221(4) 0.1200(5) 0.0247(16) 
C16 0.7376(8) 0.3886(4) 0.1415(5) 0.0234(15) 
C17 0.8145(7) 0.4612(4) 0.1485(4) 0.0253(15) 
C18 0.9704(8) 0.4619(5) 0.1944(6) 0.042(2) 
C19 1.0091(10) 0.4066(5) 0.2670(5) 0.047(2) 
C20 1.0348(9) 0.3310(5) 0.2412(5) 0.040(2) 
C21 0.9368(9) 0.2152(4) 0.1880(5) 0.0348(19) 
C22 0.8158(9) 0.1668(4) 0.1990(5) 0.0306(18) 
C23 0.8656(8) 0.1769(4) 0.3591(5) 0.0248(16) 
C24 0.8568(8) 0.2329(4) 0.4266(5) 0.0259(16) 
C25 0.7335(8) 0.2249(4) 0.4698(4) 0.0233(16) 
C26 0.5832(8) 0.2235(4) 0.4073(4) 0.0214(15) 
C27 0.5635(8) 0.1554(4) 0.3521(5) 0.0242(16) 
C28 0.6110(8) 0.1544(3) 0.2688(4) 0.0224(15) 
C29 0.4945(8) 0.1840(4) 0.1923(5) 0.0271(16) 
C30 0.4541(8) 0.2624(4) 0.1989(4) 0.0228(15) 
C31 0.4212(8) 0.2842(4) 0.2842(5) 0.0246(16) 
C32 0.5367(8) 0.3504(4) 0.4105(4) 0.0217(15) 
C33 0.5712(7) 0.4183(4) 0.3694(4) 0.0212(14) 
C34 0.3886(7) 0.5039(4) 0.4003(4) 0.0195(14) 
C35 0.3301(7) 0.5442(4) 0.3157(4) 0.0213(14) 
C36 0.3774(7) 0.6212(4) 0.3134(5) 0.0210(15) 
C37 0.5276(7) 0.6315(3) 0.2939(5) 0.0207(15) 
C38 0.6342(7) 0.5715(3) 0.3262(4) 0.0189(14) 
C39 0.6519(7) 0.5415(4) 0.4175(4) 0.0176(13) 
C40 0.6498(8) 0.5969(4) 0.4879(4) 0.0206(15) 
C41 0.7207(8) 0.6677(4) 0.4745(5) 0.0230(16) 
C42 0.6213(8) 0.7184(4) 0.4120(4) 0.0232(15) 
C43 0.5152(8) 0.7600(4) 0.2695(5) 0.0246(16) 
C44 0.6124(8) 0.8232(4) 0.2646(5) 0.0265(16) 
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Table 3 . Positional Parameters for Hydrogens in Compound 125  
Atom x y z U(eq) 
H1c 0.414659 0.441941 0.57724 0.061 
H1d 0.540455 0.461147 0.635217 0.061 
H2c 0.60548 0.49506 0.80711 0.051 
H2d 0.669161 0.51294 0.74398 0.051 
H3c 0.926409 0.52266 0.77354 0.051 
H3d 0.92787 0.525361 0.69583 0.051 
H1 0.718436 0.749596 0.209233 0.028 
H3 0.682549 0.499127 0.038292 0.029 
H5 0.739766 0.242235 0.268655 0.027 
H7 0.569445 0.466931 0.483349 0.022 
H1a 0.946336 0.83043 0.300358 0.035 
H1b 0.852227 0.796855 0.361585 0.035 
H2a 0.877012 0.682648 0.301752 0.034 
H2b 1.027342 0.714702 0.354098 0.034 
H3a 1.036806 0.656263 0.221629 0.04 
H3b 1.104941 0.734238 0.232302 0.04 
H4 0.968979 0.712723 0.089271 0.034 
H5a 0.989125 0.832157 0.166674 0.041 
H5b 0.895723 0.825433 0.069492 0.041 
H6 0.79398 0.891074 0.177914 0.034 
H7a 0.561311 0.870934 0.099844 0.046 
H7b 0.664538 0.872226 0.034333 0.046 
H8a 0.519094 0.753419 0.082526 0.045 
H8b 0.510148 0.782299 -0.012895 0.045 
H9a 0.745384 0.738 -0.003818 0.04 
H9b 0.630873 0.676772 0.001244 0.04 
H10a 0.668933 0.602972 0.120064 0.034 
H10b 0.820903 0.605921 0.188941 0.034 
H11a 0.814075 0.59538 0.009475 0.039 
H11b 0.945283 0.574925 0.088968 0.039 
H12a 0.954036 0.462728 0.010548 0.046 
H12b 0.815269 0.486292 -0.061445 0.046 
H13a 0.82763 0.369795 -0.080507 0.053 
H13b 0.702103 0.37804 -0.030371 0.053 
H14a 0.985364 0.346753 0.067187 0.04 
H14b 0.888727 0.283386 0.016704 0.04 
H15 0.73117 0.286975 0.099322 0.03 
H16a 0.712192 0.379964 0.197497 0.028 
H16b 0.64564 0.393478 0.097272 0.028 
H17 0.764991 0.49176 0.184007 0.03 
H18a 0.995882 0.509821 0.219182 0.05 
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H18b 1.029146 0.452721 0.151927 0.05 
H19a 1.097196 0.423131 0.308934 0.056 
H19b 0.930201 0.405752 0.297764 0.056 
H20a 1.099146 0.332307 0.20074 0.048 
H20b 1.086079 0.304763 0.293556 0.048 
H21a 1.026655 0.20231 0.230873 0.042 
H21b 0.953678 0.208517 0.12945 0.042 
H22a 0.737561 0.167444 0.145493 0.037 
H22b 0.852226 0.117338 0.208562 0.037 
H23a 0.963976 0.177169 0.348777 0.03 
H23b 0.848589 0.129361 0.381487 0.03 
H24a 0.948193 0.231955 0.471929 0.031 
H24b 0.849369 0.280308 0.398716 0.031 
H25a 0.736984 0.264733 0.511003 0.028 
H25b 0.747026 0.180149 0.503755 0.028 
H26 0.510731 0.221806 0.44353 0.026 
H27a 0.615367 0.116561 0.388894 0.029 
H27b 0.459613 0.143056 0.338434 0.029 
H28 0.62341 0.103149 0.255241 0.027 
H29a 0.528454 0.177661 0.138668 0.033 
H29b 0.406055 0.154974 0.186473 0.033 
H30a 0.534535 0.292206 0.189398 0.027 
H30b 0.368456 0.272979 0.151575 0.027 
H31a 0.371413 0.330832 0.277038 0.03 
H31b 0.3554 0.248778 0.300439 0.03 
H32a 0.602222 0.344748 0.468568 0.026 
H32b 0.436234 0.351899 0.417312 0.026 
H33a 0.509606 0.422018 0.309946 0.025 
H33b 0.673208 0.417371 0.365411 0.025 
H34a 0.371909 0.533721 0.448354 0.023 
H34b 0.330622 0.460035 0.398974 0.023 
H35a 0.359772 0.518172 0.268613 0.026 
H35b 0.22341 0.54303 0.302864 0.026 
H36a 0.378567 0.643345 0.370049 0.025 
H36b 0.30473 0.646755 0.268854 0.025 
H37 0.509935 0.630265 0.229372 0.025 
H38a 0.730392 0.588218 0.32135 0.023 
H38b 0.607452 0.531277 0.285274 0.023 
H39 0.749771 0.519166 0.43316 0.021 
H40a 0.548397 0.606014 0.489751 0.025 
H40b 0.700169 0.576969 0.544651 0.025 
H41a 0.807074 0.657891 0.45208 0.028 
H41b 0.753423 0.691641 0.531208 0.028 
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H42a 0.527006 0.719653 0.42769 0.028 
H42b 0.663006 0.766832 0.421241 0.028 
H43a 0.436313 0.775316 0.29612 0.03 
H43b 0.471194 0.74285 0.21024 0.03 
H44a 0.557813 0.859584 0.224943 0.032 
H44b 0.645573 0.844885 0.322623 0.032 
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Table 4 . Refined Thermal Parameters (U's) for Compound 125  
Atom U11 U22 U33 U23 U13 U12 
Zn1 0.0367(10) 0.0219(10) 0.0229(10) -0.0020(7) 0.0032(7) 0.0056(8) 
Cl1 0.166(6) 0.075(4) 0.0238(17) 0.015(2) 0.033(3) 0.083(4) 
Cl2 0.0221(11) 0.0316(12) 0.0436(14) 0.0076(11) 0.0022(10) 0.0002(9) 
Cl3 0.0218(17) 0.037(2) 0.051(3) -0.0024(19) 0.0095(16) -0.0089(15) 
Cl4 0.068(3) 0.0307(16) 0.046(2) -0.0159(14) -0.0098(17) 0.0142(16) 
Zn1* 0.067(7) 0.028(5) 0.044(7) 0.003(4) 0.022(5) -0.007(5) 
Cl1* 0.078(15) 0.034(8) 0.037(9) 0.002(6) 0.022(10) 0.020(10) 
Cl2* 0.059(8) 0.078(11) 0.078(11) 0.000(10) 0.027(8) 0.005(8) 
Cl3* 0.067(14) 0.025(9) 0.035(9) 0.008(7) 0.018(10) 0.012(12) 
Cl4* 0.056(11) 0.029(7) 0.051(10) -0.010(6) 0.009(9) -0.007(7) 
Zn2 0.0165(4) 0.0180(4) 0.0267(6) 0.0059(5) -0.0002(4) 0.0004(4) 
Cl5 0.0181(10) 0.0415(14) 0.0392(15) 0.0161(12) 0.0038(10) -0.0020(9) 
Cl6 0.0313(11) 0.0229(9) 0.0276(11) 0.0104(9) 0.0099(9) 0.0078(8) 
Cl7 0.0196(10) 0.0206(10) 0.0326(11) 0.0085(9) 0.0076(9) 0.0047(7) 
Cl8 0.0425(13) 0.0180(9) 0.0371(12) 0.0005(10) -0.0162(11) -0.0026(8) 
Zn2* 0.034(8) 0.031(8) 0.037(9) 0.004(7) 0.012(7) 0.004(7) 
Cl5* 0.036(12) 0.017(15) 0.05(2) -0.009(15) 0.014(13) -0.007(11) 
Cl6* 0.031(17) 0.032(13) 0.036(17) 0.007(12) 0.008(14) 0.005(12) 
Cl7* 0.027(17) 0.029(14) 0.046(16) 0.005(13) 0.020(14) 0.015(13) 
Cl8* 0.037(13) 0.020(14) 0.050(12) 0.001(12) 0.004(12) 0.000(12) 
O1 0.032(3) 0.063(4) 0.028(3) 0.003(3) 0.009(2) -0.005(3) 
O2 0.034(3) 0.056(3) 0.032(3) -0.011(3) 0.008(3) -0.012(3) 
O3 0.034(3) 0.056(3) 0.032(3) -0.011(3) 0.008(3) -0.012(3) 
N1 0.022(3) 0.019(3) 0.027(3) 0.004(2) 0.000(2) -0.004(2) 
N2 0.032(4) 0.024(3) 0.025(3) 0.001(3) 0.001(3) 0.002(3) 
N3 0.029(3) 0.026(3) 0.018(3) 0.004(2) 0.005(2) 0.003(3) 
N4 0.023(3) 0.035(3) 0.023(3) 0.004(3) 0.003(3) 0.006(3) 
N5 0.028(3) 0.020(3) 0.020(3) 0.000(2) 0.003(2) 0.006(2) 
N6 0.018(3) 0.015(3) 0.019(3) -0.002(2) -0.002(2) 0.002(2) 
N7 0.019(3) 0.014(2) 0.021(3) -0.004(2) 0.005(2) 0.000(2) 
N8 0.018(3) 0.016(3) 0.018(3) -0.004(2) 0.003(2) 0.000(2) 
C1 0.022(4) 0.035(4) 0.025(4) -0.003(3) -0.006(3) -0.008(3) 
C2 0.016(4) 0.038(4) 0.026(4) 0.002(3) -0.002(3) -0.001(3) 
C3 0.026(4) 0.038(4) 0.034(5) 0.002(4) 0.002(3) 0.002(3) 
C4 0.022(4) 0.038(4) 0.026(4) 0.003(3) 0.009(3) 0.002(3) 
C5 0.035(5) 0.036(4) 0.032(4) 0.008(4) 0.008(4) -0.009(4) 
C6 0.034(4) 0.023(4) 0.024(4) 0.005(3) 0.000(3) -0.006(3) 
C7 0.042(5) 0.037(5) 0.032(4) 0.005(4) 0.000(4) 0.010(4) 
C8 0.035(5) 0.050(5) 0.021(4) 0.004(4) -0.008(3) 0.000(4) 
C9 0.040(5) 0.034(4) 0.021(4) 0.001(3) -0.002(3) -0.008(4) 
C10 0.035(4) 0.028(4) 0.020(4) 0.004(3) 0.006(3) -0.007(3) 
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C11 0.038(5) 0.035(4) 0.027(4) 0.008(3) 0.010(4) 0.000(4) 
C12 0.054(5) 0.046(5) 0.021(4) 0.012(4) 0.019(4) 0.023(5) 
C13 0.067(6) 0.045(5) 0.019(4) 0.001(4) 0.009(4) 0.019(4) 
C14 0.042(5) 0.037(4) 0.025(4) 0.004(3) 0.013(4) 0.021(4) 
C15 0.019(4) 0.033(4) 0.022(4) -0.004(3) 0.003(3) -0.001(3) 
C16 0.020(4) 0.027(4) 0.024(4) -0.004(3) 0.008(3) -0.004(3) 
C17 0.029(4) 0.032(4) 0.014(3) 0.000(3) 0.004(3) -0.005(3) 
C18 0.035(4) 0.037(4) 0.044(5) 0.009(4) -0.010(4) -0.018(4) 
C19 0.045(5) 0.051(5) 0.031(5) 0.014(4) -0.017(4) -0.021(4) 
C20 0.034(5) 0.047(5) 0.033(5) 0.021(4) -0.002(4) -0.004(4) 
C21 0.035(5) 0.041(5) 0.031(4) 0.008(4) 0.014(4) 0.016(4) 
C22 0.038(5) 0.031(4) 0.025(4) 0.000(3) 0.011(3) 0.007(3) 
C23 0.025(4) 0.023(4) 0.024(4) 0.004(3) 0.001(3) 0.007(3) 
C24 0.022(4) 0.023(4) 0.027(4) 0.004(3) -0.005(3) 0.002(3) 
C25 0.033(4) 0.019(3) 0.016(3) -0.001(3) 0.003(3) 0.002(3) 
C26 0.024(4) 0.020(3) 0.021(4) -0.001(3) 0.008(3) 0.001(3) 
C27 0.025(4) 0.016(3) 0.028(4) -0.001(3) -0.001(3) -0.004(3) 
C28 0.029(4) 0.013(3) 0.022(4) -0.003(3) 0.001(3) 0.002(3) 
C29 0.031(4) 0.026(4) 0.020(4) -0.006(3) -0.003(3) 0.003(3) 
C30 0.022(4) 0.024(4) 0.019(4) 0.002(3) -0.001(3) 0.004(3) 
C31 0.019(4) 0.019(3) 0.033(4) -0.005(3) 0.000(3) 0.000(3) 
C32 0.025(4) 0.021(3) 0.019(4) -0.006(3) 0.006(3) 0.001(3) 
C33 0.020(4) 0.020(3) 0.026(4) -0.008(3) 0.009(3) 0.001(3) 
C34 0.012(3) 0.023(3) 0.027(4) -0.005(3) 0.010(3) -0.001(3) 
C35 0.013(3) 0.024(3) 0.028(4) 0.001(3) 0.007(3) -0.001(3) 
C36 0.015(3) 0.022(3) 0.023(4) -0.001(3) -0.001(3) 0.001(3) 
C37 0.018(4) 0.016(3) 0.027(4) -0.005(3) 0.003(3) 0.000(3) 
C38 0.017(3) 0.015(3) 0.027(4) -0.005(3) 0.010(3) 0.000(3) 
C39 0.012(3) 0.020(3) 0.022(3) -0.005(3) 0.006(2) 0.000(3) 
C40 0.020(4) 0.023(3) 0.019(4) -0.001(3) 0.004(3) -0.003(3) 
C41 0.023(4) 0.022(4) 0.022(4) -0.006(3) 0.002(3) -0.004(3) 
C42 0.030(4) 0.019(3) 0.022(4) -0.005(3) 0.009(3) -0.002(3) 
C43 0.022(4) 0.022(3) 0.029(4) 0.000(3) 0.005(3) 0.000(3) 
C44 0.026(4) 0.025(4) 0.028(4) 0.002(3) 0.005(3) 0.004(3) 
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Table 5 . Bond Distances in Compound 125, Å 
Zn1-Cl1 2.264(5)  Zn1-Cl2 2.338(3)  Zn1-Cl3 2.260(6) 
Zn1-Cl4 2.247(4)  Zn1*-Cl1* 2.12(3)  Zn1*-Cl2* 2.20(3) 
Zn1*-Cl3* 2.28(5)  Zn1*-Cl4* 2.23(3)  Zn2-Cl5 2.282(2) 
Zn2-Cl6 2.269(2)  Zn2-Cl7 2.266(2)  Zn2-Cl8 2.281(2) 
Zn2*-Cl5* 2.19(6)  Zn2*-Cl6* 2.23(5)  Zn2*-Cl7* 2.15(5) 
Zn2*-Cl8* 2.35(6)  N1-C1 1.529(9)  N1-C6 1.505(9) 
N1-C44 1.519(10)  N2-C4 1.474(10)  N2-C9 1.500(9) 
N2-C10 1.450(9)  N3-C11 1.502(10)  N3-C12 1.499(9) 
N3-C17 1.514(9)  N4-C15 1.479(9)  N4-C20 1.490(10) 
N4-C21 1.476(10)  N5-C22 1.501(9)  N5-C23 1.514(9) 
N5-C28 1.525(9)  N6-C26 1.483(9)  N6-C31 1.484(8) 
N6-C32 1.486(8)  N7-C33 1.520(8)  N7-C34 1.516(8) 
N7-C39 1.502(8)  N8-C37 1.490(8)  N8-C42 1.453(9) 
N8-C43 1.459(9)  C1-C2 1.515(11)  C2-C3 1.523(11) 
C3-C4 1.526(10)  C4-C5 1.556(11)  C5-C6 1.534(12) 
C6-C7 1.522(11)  C7-C8 1.521(12)  C8-C9 1.493(12) 
C10-C11 1.527(11)  C12-C13 1.500(13)  C13-C14 1.525(11) 
C14-C15 1.544(11)  C15-C16 1.510(10)  C16-C17 1.540(10) 
C17-C18 1.493(10)  C18-C19 1.531(11)  C19-C20 1.516(13) 
C21-C22 1.513(12)  C23-C24 1.520(10)  C24-C25 1.505(10) 
C25-C26 1.538(10)  C26-C27 1.539(9)  C27-C28 1.500(10) 
C28-C29 1.542(10)  C29-C30 1.532(10)  C30-C31 1.520(10) 
C32-C33 1.507(10)  C34-C35 1.529(10)  C35-C36 1.518(10) 
C36-C37 1.549(10)  C37-C38 1.523(9)  C38-C39 1.529(9) 
C39-C40 1.532(9)  C40-C41 1.529(9)  C41-C42 1.531(10) 
C43-C44 1.519(10)       
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Table 6 . Bond Angles in Compound 125, ° 
Cl1-Zn1-Cl2 106.10(19)  Cl3-Zn1-Cl1 112.5(3)  Cl3-Zn1-Cl2 103.8(2) 
Cl4-Zn1-Cl1 113.4(2)  Cl4-Zn1-Cl2 111.18(17)  Cl4-Zn1-Cl3 109.3(2) 
Cl1*-Zn1*-Cl2* 110.2(13)  Cl1*-Zn1*-Cl3* 112.2(17)  Cl1*-Zn1*-Cl4* 116.4(13) 
Cl2*-Zn1*-Cl3* 99.9(13)  Cl2*-Zn1*-Cl4* 107.9(11)  Cl4*-Zn1*-Cl3* 109.0(15) 
Cl6-Zn2-Cl5 109.13(10)  Cl6-Zn2-Cl8 107.12(9)  Cl7-Zn2-Cl5 112.38(9) 
Cl7-Zn2-Cl6 111.26(9)  Cl7-Zn2-Cl8 110.98(9)  Cl8-Zn2-Cl5 105.69(11) 
Cl5*-Zn2*-Cl6* 108.0(19)  Cl5*-Zn2*-Cl8* 108(2)  Cl6*-Zn2*-Cl8* 112.0(19) 
Cl7*-Zn2*-Cl5* 111(2)  Cl7*-Zn2*-Cl6* 110(2)  Cl7*-Zn2*-Cl8* 108(2) 
C6-N1-C1 111.6(5)  C6-N1-C44 115.0(5)  C44-N1-C1 112.2(6) 
C4-N2-C9 111.1(6)  C10-N2-C4 117.5(6)  C10-N2-C9 112.4(6) 
C11-N3-C17 112.7(6)  C12-N3-C11 109.8(6)  C12-N3-C17 116.2(6) 
C15-N4-C20 116.2(6)  C21-N4-C15 112.3(6)  C21-N4-C20 110.5(6) 
C22-N5-C23 110.9(6)  C22-N5-C28 109.9(6)  C23-N5-C28 113.9(5) 
C26-N6-C31 112.4(5)  C26-N6-C32 109.6(5)  C31-N6-C32 107.6(5) 
C34-N7-C33 111.1(5)  C39-N7-C33 111.6(5)  C39-N7-C34 116.1(5) 
C42-N8-C37 115.4(5)  C42-N8-C43 109.9(5)  C43-N8-C37 111.9(5) 
C2-C1-N1 110.6(6)  C1-C2-C3 116.5(7)  C2-C3-C4 116.5(6) 
N2-C4-C3 112.3(6)  N2-C4-C5 109.6(6)  C3-C4-C5 109.4(7) 
C6-C5-C4 116.6(6)  N1-C6-C5 109.6(6)  N1-C6-C7 112.4(6) 
C7-C6-C5 111.2(7)  C8-C7-C6 116.3(7)  C9-C8-C7 116.6(7) 
C8-C9-N2 111.6(6)  N2-C10-C11 115.3(6)  N3-C11-C10 112.7(6) 
N3-C12-C13 118.0(7)  C12-C13-C14 115.4(7)  C13-C14-C15 112.9(6) 
N4-C15-C14 115.1(6)  N4-C15-C16 110.2(6)  C16-C15-C14 114.6(6) 
C15-C16-C17 120.7(6)  N3-C17-C16 111.4(5)  C18-C17-N3 111.4(6) 
C18-C17-C16 116.4(7)  C17-C18-C19 113.4(7)  C20-C19-C18 117.2(8) 
N4-C20-C19 114.9(7)  N4-C21-C22 111.2(6)  N5-C22-C21 111.2(6) 
N5-C23-C24 112.3(5)  C25-C24-C23 115.7(6)  C24-C25-C26 114.6(6) 
N6-C26-C25 111.7(6)  N6-C26-C27 112.9(5)  C25-C26-C27 110.5(6) 
C28-C27-C26 119.5(6)  N5-C28-C29 111.4(6)  C27-C28-N5 114.1(6) 
C27-C28-C29 112.3(6)  C30-C29-C28 116.0(6)  C31-C30-C29 115.3(6) 
N6-C31-C30 111.6(6)  N6-C32-C33 109.0(5)  C32-C33-N7 111.2(5) 
N7-C34-C35 117.4(5)  C36-C35-C34 116.4(6)  C35-C36-C37 114.7(6) 
N8-C37-C36 114.5(5)  N8-C37-C38 110.7(5)  C38-C37-C36 114.5(6) 
C37-C38-C39 120.4(6)  N7-C39-C38 112.8(5)  N7-C39-C40 109.9(5) 
C38-C39-C40 115.2(5)  C41-C40-C39 113.9(6)  C40-C41-C42 113.9(6) 
N8-C42-C41 116.9(6)  N8-C43-C44 111.4(6)  N1-C44-C43 109.8(6) 
This report has been created with Olex2 [6], compiled on 2018.04.26 svn.r3504 for OlexSys. 
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X-ray Structure Determination of Compound ent-131 
 
 
      
Compound ent-131, C22H42Cl2N4Ni, crystallizes in the orthorhombic space group P212121 
(systematic absences h00:  h=odd, 0k0:  k=odd, and 00l:  l=odd) with a=6.6194(11)Å, b=17.938(3)Å, 
c=19.954(3)Å, V=2369.3(7)Å3, Z=4, and dcalc=1.380 g/cm3 . X-ray intensity data were collected on a Bruker 
APEXII [1] CCD area detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a 
temperature of 100K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation frames 
with exposures of 10 seconds. A total of 2295 frames were collected with a crystal to detector distance of 
37.9 mm, rotation widths of 0.5° and exposures of 30 seconds: 
scan type 2θ ω φ χ Frames 
w 19.34 15.47 0.00 -54.74 225 
w 19.34 15.47 -105.00 -54.74 225 
w 19.34 15.47 102.00 -54.74 225 
w 19.34 15.47 153.00 -54.74 225 
w 19.34 15.47 51.00 -54.74 225 
w 19.34 15.47 -54.00 -54.74 225 
w 19.34 15.47 -156.00 -54.74 225 
f 19.34 10.15 0.00 -24.00 720 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 58967 reflections were measured over the ranges 3.052 ≤ 2θ ≤ 55.066°, -8 ≤ h ≤ 8, -20 ≤ k ≤ 23, -25 
≤ l ≤ 24 yielding 5447 unique reflections (Rint = 0.0599). The intensity data were corrected for Lorentz and 
polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 0.6862, 
0.7456). The structure was solved by direct methods - ShelXT (Sheldrick, 2015) [4]. Refinement was by full-
matrix least squares based on F2 using SHELXL-2018 [5]. All reflections were used during refinement. The 
weighting scheme used was w=1/[σ2(Fo2 )+ (0.0371P)2 + 0.5582P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen 
atoms were refined anisotropically and hydrogen atoms were refined using a riding model. Refinement 
converged to R1=0.0306 and wR2=0.0661 for 4867 observed reflections for which F > 4σ(F) and R1=0.0385 
N
N
N
N
Ni
Cl Cl
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and wR2=0.0685 and GOF =1.024 for all 5447 unique, non-zero reflections and 264 variables. The maximum 
Δ/σ in the final cycle of least squares was 0.000 and the two most prominent peaks in the final difference 
Fourier were +0.48 and -0.33 e/Å3. 
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound ent-131 
 
Empirical formula  C22H42Cl2N4Ni  
Formula weight  492.20  
Temperature/K  100  
Crystal system  orthorhombic  
Space group  P212121  
a  6.6194(11)Å  
b  17.938(3)Å  
c  19.954(3)Å  
Volume  2369.3(7)Å3  
Z  4  
dcalc  1.380 g/cm3  
μ  1.061 mm-1  
F(000)  1056.0  
Crystal size, mm  0.2 × 0.05 × 0.02  
2θ range for data collection      3.052 - 55.066°  
Index ranges  -8 ≤ h ≤ 8, -20 ≤ k ≤ 23, -25 ≤ l ≤ 24  
Reflections collected  58967  
Independent reflections  5447[R(int) = 0.0599]  
Data/restraints/parameters  5447/0/264  
Goodness-of-fit on F2  1.024  
Final R indexes [I>=2σ (I)]  R1 = 0.0306, wR2 = 0.0661  
Final R indexes [all data]  R1 = 0.0385, wR2 = 0.0685  
Largest diff. peak/hole  0.48/-0.33 eÅ-3  
Flack parameter -0.005(5) 
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Table 2 . Refined Positional Parameters for Compound ent-131  
Atom x y z U(eq) 
Ni1 0.53543(6) 0.36320(2) 0.64874(2) 0.01411(10) 
Cl1 0.69323(11) 0.46091(4) 0.69539(4) 0.02040(17) 
Cl2 0.69667(13) 0.26799(4) 0.60115(4) 0.02487(18) 
N1 0.3495(4) 0.22518(16) 0.92260(13) 0.0206(6) 
N2 0.3247(4) 0.31343(14) 0.71016(12) 0.0148(5) 
N3 0.2698(5) 0.50232(16) 0.37974(13) 0.0240(6) 
N4 0.3086(4) 0.40947(14) 0.59124(12) 0.0157(5) 
C1 0.5675(5) 0.22888(19) 0.90980(16) 0.0215(7) 
C2 0.6390(5) 0.29868(19) 0.87341(16) 0.0208(7) 
C3 0.5922(4) 0.29973(18) 0.79786(15) 0.0182(7) 
C4 0.3802(4) 0.33042(17) 0.78242(14) 0.0147(6) 
C5 0.2187(5) 0.30884(17) 0.83369(15) 0.0167(6) 
C6 0.2173(5) 0.23002(17) 0.86323(15) 0.0179(6) 
C7 0.2436(5) 0.16786(18) 0.81082(15) 0.0215(7) 
C8 0.1602(5) 0.18629(19) 0.74134(16) 0.0231(7) 
C9 0.3007(5) 0.23182(17) 0.69595(15) 0.0193(6) 
C10 0.1368(4) 0.35454(19) 0.69110(15) 0.0191(7) 
C11 0.1275(4) 0.3677(2) 0.61632(15) 0.0194(6) 
C12 0.3052(5) 0.15844(18) 0.96179(16) 0.0247(7) 
C13 0.4896(5) 0.49475(19) 0.38576(16) 0.0251(7) 
C14 0.5738(5) 0.42370(19) 0.41866(15) 0.0221(7) 
C15 0.5487(5) 0.42226(18) 0.49505(14) 0.0186(6) 
C16 0.3433(4) 0.39227(17) 0.51796(15) 0.0155(6) 
C17 0.1642(5) 0.41236(17) 0.47254(16) 0.0180(6) 
C18 0.1545(5) 0.49191(18) 0.44227(16) 0.0213(7) 
C19 0.2010(5) 0.55360(17) 0.49296(15) 0.0206(7) 
C20 0.1336(5) 0.53607(19) 0.56477(16) 0.0205(7) 
C21 0.2852(5) 0.49076(17) 0.60596(15) 0.0177(6) 
C22 0.1901(6) 0.4571(2) 0.32466(17) 0.0307(8) 
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Table 3 . Positional Parameters for Hydrogens in Compound ent-131  
Atom x y z U(eq) 
H1a 0.606822 0.184797 0.882952 0.026 
H1b 0.639221 0.225622 0.953241 0.026 
H2a 0.786872 0.303477 0.879572 0.025 
H2b 0.574862 0.342683 0.894472 0.025 
H3a 0.694191 0.330816 0.774699 0.022 
H3b 0.603072 0.248403 0.779986 0.022 
H4 0.392417 0.385904 0.785173 0.018 
H5a 0.085409 0.317232 0.812517 0.02 
H5b 0.229306 0.344257 0.871582 0.02 
H6 0.077313 0.223128 0.881048 0.021 
H7a 0.389317 0.156447 0.806547 0.026 
H7b 0.175533 0.122324 0.827455 0.026 
H8a 0.032384 0.214247 0.746962 0.028 
H8b 0.127403 0.138943 0.718276 0.028 
H9a 0.43639 0.208722 0.697821 0.023 
H9b 0.251466 0.226589 0.649331 0.023 
H10a 0.133359 0.403061 0.714719 0.023 
H10b 0.017244 0.325411 0.705309 0.023 
H11a 0.118919 0.319053 0.592999 0.023 
H11b 0.003786 0.396289 0.60554 0.023 
H12a 0.33863 0.114046 0.935403 0.037 
H12b 0.161291 0.15762 0.97331 0.037 
H12c 0.385907 0.158857 1.002956 0.037 
H13a 0.540127 0.538036 0.411583 0.03 
H13b 0.54789 0.498392 0.340192 0.03 
H14a 0.719167 0.41934 0.407701 0.027 
H14b 0.504092 0.379849 0.399337 0.027 
H15a 0.6567 0.390873 0.514618 0.022 
H15b 0.566115 0.473476 0.512609 0.022 
H16 0.355214 0.336769 0.515398 0.019 
H17a 0.038779 0.404331 0.498585 0.022 
H17b 0.162482 0.376403 0.434909 0.022 
H18 0.009826 0.499443 0.429518 0.026 
H19a 0.133651 0.600043 0.478147 0.025 
H19b 0.348443 0.56289 0.492996 0.025 
H20a 0.107302 0.58366 0.588337 0.025 
H20b 0.004626 0.508234 0.562857 0.025 
H21a 0.419436 0.514365 0.600594 0.021 
H21b 0.247273 0.495719 0.653743 0.021 
H22a 0.259436 0.470507 0.282953 0.046 
H22b 0.044981 0.46639 0.319796 0.046 
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H22c 0.212734 0.404218 0.334343 0.046 
 
Table 4 . Refined Thermal Parameters (U's) for Compound ent-131  
Atom U11 U22 U33 U23 U13 U12 
Ni1 0.01026(16) 0.01561(19) 0.01646(18) 0.00073(16) 0.00158(15) -0.00029(16) 
Cl1 0.0180(4) 0.0171(4) 0.0261(4) -0.0016(3) -0.0015(3) -0.0016(3) 
Cl2 0.0219(4) 0.0188(4) 0.0339(5) -0.0057(3) 0.0087(3) 0.0001(3) 
N1 0.0223(14) 0.0218(14) 0.0176(14) 0.0034(11) 0.0029(10) 0.0014(12) 
N2 0.0128(12) 0.0173(13) 0.0143(12) 0.0020(10) 0.0005(10) 0.0002(10) 
N3 0.0332(17) 0.0231(15) 0.0157(13) 0.0038(11) -0.0023(12) -0.0002(13) 
N4 0.0134(12) 0.0196(13) 0.0142(12) 0.0018(11) 0.0016(10) -0.0011(11) 
C1 0.0211(17) 0.0249(17) 0.0187(15) 0.0019(13) -0.0009(13) 0.0036(14) 
C2 0.0133(15) 0.0283(18) 0.0207(16) 0.0008(13) 0.0010(12) -0.0012(13) 
C3 0.0145(14) 0.0203(16) 0.0200(16) 0.0006(13) 0.0004(12) 0.0000(12) 
C4 0.0140(14) 0.0149(15) 0.0152(15) -0.0006(12) 0.0023(12) 0.0008(12) 
C5 0.0155(14) 0.0162(15) 0.0184(15) 0.0015(11) 0.0015(12) 0.0011(12) 
C6 0.0145(14) 0.0202(16) 0.0188(16) 0.0029(12) 0.0038(12) -0.0016(12) 
C7 0.0256(17) 0.0178(16) 0.0209(16) 0.0006(13) 0.0008(13) -0.0041(13) 
C8 0.0287(18) 0.0203(17) 0.0203(16) -0.0004(13) 0.0003(13) -0.0099(14) 
C9 0.0211(15) 0.0186(16) 0.0182(15) 0.0003(13) -0.0012(13) -0.0024(13) 
C10 0.0114(14) 0.0236(17) 0.0222(15) 0.0074(14) 0.0020(11) 0.0022(13) 
C11 0.0123(14) 0.0230(17) 0.0228(15) 0.0070(14) 0.0002(12) -0.0017(13) 
C12 0.0291(18) 0.0242(18) 0.0206(16) 0.0049(13) 0.0032(14) 0.0020(14) 
C13 0.029(2) 0.0280(18) 0.0185(15) 0.0029(13) 0.0029(13) -0.0041(15) 
C14 0.0165(16) 0.0291(18) 0.0207(16) 0.0009(14) 0.0043(12) -0.0021(13) 
C15 0.0183(14) 0.0209(16) 0.0166(14) 0.0004(12) 0.0022(13) -0.0014(14) 
C16 0.0147(15) 0.0155(15) 0.0163(15) -0.0003(12) 0.0005(11) -0.0006(12) 
C17 0.0185(15) 0.0176(16) 0.0178(15) 0.0009(13) -0.0030(12) 0.0008(13) 
C18 0.0210(16) 0.0208(17) 0.0222(17) 0.0018(14) -0.0019(13) 0.0005(14) 
C19 0.0220(16) 0.0178(16) 0.0221(16) 0.0034(13) -0.0004(13) 0.0032(14) 
C20 0.0202(15) 0.0199(17) 0.0214(16) 0.0008(13) 0.0013(13) 0.0061(13) 
C21 0.0182(16) 0.0180(16) 0.0168(15) 0.0012(12) 0.0007(12) 0.0024(13) 
C22 0.042(2) 0.0302(19) 0.0204(17) 0.0027(15) -0.0068(16) -0.0021(18) 
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Table 5 . Bond Distances in Compound ent-131, Å 
Ni1-Cl1 2.2427(9)  Ni1-Cl2 2.2266(9)  Ni1-N2 2.060(2) 
Ni1-N4 2.064(3)  N1-C1 1.467(4)  N1-C6 1.475(4) 
N1-C12 1.460(4)  N2-C4 1.519(4)  N2-C9 1.500(4) 
N2-C10 1.495(4)  N3-C13 1.466(4)  N3-C18 1.474(4) 
N3-C22 1.464(4)  N4-C11 1.500(4)  N4-C16 1.512(4) 
N4-C21 1.496(4)  C1-C2 1.523(4)  C2-C3 1.539(4) 
C3-C4 1.539(4)  C4-C5 1.530(4)  C5-C6 1.532(4) 
C6-C7 1.539(4)  C7-C8 1.528(4)  C8-C9 1.534(4) 
C10-C11 1.512(4)  C13-C14 1.538(4)  C14-C15 1.534(4) 
C15-C16 1.532(4)  C16-C17 1.535(4)  C17-C18 1.551(4) 
C18-C19 1.531(5)  C19-C20 1.533(4)  C20-C21 1.531(4) 
 
Table 6 . Bond Angles in Compound ent-131, ° 
Cl2-Ni1-Cl1 123.59(3)  N2-Ni1-Cl1 114.02(7)  N2-Ni1-Cl2 104.23(7) 
N2-Ni1-N4 90.71(10)  N4-Ni1-Cl1 104.79(8)  N4-Ni1-Cl2 114.84(7) 
C1-N1-C6 116.2(2)  C12-N1-C1 109.1(3)  C12-N1-C6 111.1(3) 
C4-N2-Ni1 108.30(17)  C9-N2-Ni1 112.49(18)  C9-N2-C4 113.6(2) 
C10-N2-Ni1 101.43(17)  C10-N2-C4 110.1(2)  C10-N2-C9 110.2(2) 
C13-N3-C18 115.6(3)  C22-N3-C13 111.6(3)  C22-N3-C18 112.3(3) 
C11-N4-Ni1 101.24(17)  C11-N4-C16 110.0(2)  C16-N4-Ni1 110.18(18) 
C21-N4-Ni1 110.98(18)  C21-N4-C11 109.8(2)  C21-N4-C16 113.9(2) 
N1-C1-C2 115.2(3)  C1-C2-C3 114.5(3)  C4-C3-C2 112.6(3) 
N2-C4-C3 109.8(2)  N2-C4-C5 114.5(2)  C5-C4-C3 114.4(2) 
C4-C5-C6 119.7(3)  N1-C6-C5 111.1(3)  N1-C6-C7 115.8(3) 
C5-C6-C7 114.0(2)  C8-C7-C6 114.8(3)  C7-C8-C9 115.6(3) 
N2-C9-C8 118.2(3)  N2-C10-C11 111.2(2)  N4-C11-C10 112.0(3) 
N3-C13-C14 118.1(3)  C13-C14-C15 113.5(3)  C16-C15-C14 113.5(3) 
N4-C16-C15 110.6(2)  N4-C16-C17 113.9(2)  C15-C16-C17 115.3(2) 
C16-C17-C18 118.6(3)  N3-C18-C17 115.1(3)  N3-C18-C19 111.3(3) 
C19-C18-C17 113.6(3)  C18-C19-C20 114.3(3)  C21-C20-C19 114.8(3) 
N4-C21-C20 118.7(3)       
This report has been created with Olex2 [6], compiled on 2018.05.29 svn.r3508 for OlexSys. 
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X-ray Structure Determination of Compound 138 
 
 
 
Compound 138, C16H32N6NiO6, crystallizes in the orthorhombic space group P212121 (systematic 
absences h00:  h=odd, 0k0:  k=odd, and 00l:  l=odd) with a=9.2085(5)Å, b=13.4782(8)Å, c=16.0451(10)Å, 
V=1991.4(2)Å3, Z=4, and dcalc=1.545 g/cm3 . X-ray intensity data were collected on a Bruker APEXII [1] 
CCD area detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073Å) at a temperature of 
100K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation frames with exposures of 
10 seconds. A total of 1350 frames were collected with a crystal to detector distance of 37.9 mm, rotation 
widths of 0.5° and exposures of 10 seconds: 
scan type 2θ ω φ χ Frames 
f 19.34 15.47 306.00 -54.74 225 
f 19.34 15.47 153.00 -54.74 225 
f 19.34 15.47 51.00 -54.74 225 
f 19.34 15.47 255.00 -54.74 225 
f 19.34 15.47 0.00 -54.74 225 
f 19.34 15.47 204.00 -54.74 225 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 30708 reflections were measured over the ranges 3.946 ≤ 2θ ≤ 55.01°, -11 ≤ h ≤ 11, -17 ≤ k ≤ 16, -
18 ≤ l ≤ 20 yielding 4564 unique reflections (Rint = 0.0522). The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 0.6923, 
0.7456). The structure was solved by direct methods - ShelXT [4]. Refinement was by full-matrix least 
squares based on F2 using SHELXL-2018 [5]. All reflections were used during refinement. The weighting 
scheme used was w=1/[σ2(Fo2 )+ (0.0470P)2 + 0.4139P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were 
refined anisotropically and hydrogen atoms were refined using a riding model. Refinement converged to 
N
N
N
N
Ni
2+
2 (NO3)-
H
H
 354 
R1=0.0368 and wR2=0.0848 for 4097 observed reflections for which F > 4σ(F) and R1=0.0437 and 
wR2=0.0872 and GOF =1.066 for all 4564 unique, non-zero reflections and 271 variables. The maximum 
Δ/σ in the final cycle of least squares was 0.000 and the two most prominent peaks in the final difference 
Fourier were +0.49 and -0.30 e/Å3. 
Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 138 
 
Empirical formula C16H32N6NiO6 
Formula weight 463.18 
Temperature/K 100 
Crystal system orthorhombic 
Space group P212121 
a 9.2085(5)Å 
b 13.4782(8)Å 
c 16.0451(10)Å 
Volume 1991.4(2)Å3 
Z 4 
dcalc 1.545 g/cm3 
μ 1.022 mm-1 
F(000) 984.0 
Crystal size, mm 0.18 × 0.17 × 0.05 
2θ range for data collection     3.946 - 55.01° 
Index ranges -11 ≤ h ≤ 11, -17 ≤ k ≤ 16, -18 ≤ l ≤ 20 
Reflections collected 30708 
Independent reflections 4564[R(int) = 0.0522] 
Data/restraints/parameters 4564/0/271 
Goodness-of-fit on F2 1.066 
Final R indexes [I>=2σ (I)] R1 = 0.0368, wR2 = 0.0848 
Final R indexes [all data] R1 = 0.0437, wR2 = 0.0872 
Largest diff. peak/hole 0.49/-0.30 eÅ-3 
Flack parameter 0.018(8) 
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Table 2 . Refined Positional Parameters for Compound 138 
 
Atom x y z U(eq) 
Ni1 0.53180(5) 0.47978(3) 0.40686(3) 0.01342(12) 
N1 0.4764(4) 0.4346(2) 0.29749(19) 0.0239(7) 
N2 0.7324(3) 0.4905(2) 0.3732(2) 0.0186(7) 
N3 0.5919(3) 0.5253(3) 0.51708(18) 0.0177(6) 
N4 0.3292(3) 0.4734(3) 0.43916(19) 0.0218(7) 
C1 0.5591(5) 0.3479(3) 0.2677(3) 0.0321(11) 
C2 0.7165(5) 0.3729(3) 0.2544(3) 0.0317(10) 
C3 0.7970(5) 0.4016(3) 0.3328(3) 0.0262(9) 
C4 0.8229(4) 0.5212(4) 0.4454(2) 0.0253(8) 
C5 0.7297(5) 0.5796(3) 0.5032(3) 0.0233(9) 
C6 0.6226(5) 0.4346(3) 0.5715(2) 0.0239(9) 
C7 0.5366(6) 0.3431(3) 0.5446(2) 0.0270(9) 
C8 0.3748(5) 0.3486(3) 0.5541(3) 0.0302(10) 
C9 0.3035(5) 0.4461(4) 0.5293(3) 0.0294(10) 
C10 0.3497(5) 0.5301(3) 0.5876(3) 0.0301(9) 
C11 0.4827(5) 0.5901(3) 0.5602(3) 0.0275(9) 
C12 0.4386(6) 0.6815(3) 0.5086(3) 0.0355(12) 
C13 0.3695(5) 0.6605(3) 0.4245(3) 0.0325(11) 
C14 0.2601(5) 0.5756(4) 0.4232(3) 0.0339(11) 
C15 0.2640(5) 0.3983(4) 0.3827(3) 0.0322(11) 
C16 0.3148(5) 0.4176(4) 0.2953(3) 0.0334(11) 
O1 0.4300(7) 0.6192(4) 0.2040(3) 0.0387(14) 
O1* 0.5414(18) 0.6175(7) 0.2091(7) 0.054(3) 
O2 0.5297(4) 0.6630(2) 0.08448(18) 0.0333(7) 
O3 0.5171(3) 0.5081(2) 0.12044(19) 0.0328(7) 
N5 0.5057(4) 0.5979(3) 0.1373(2) 0.0288(9) 
O4 0.7834(5) 0.6912(3) 0.3099(3) 0.0750(16) 
O5 0.9637(4) 0.7658(2) 0.2549(2) 0.0490(9) 
O6 0.9741(4) 0.6054(2) 0.27375(19) 0.0400(8) 
N6 0.9091(4) 0.6878(3) 0.2785(2) 0.0321(9) 
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Table 3 . Positional Parameters for Hydrogens in Compound 138 
 
Atom x y z U(eq) 
H1 0.497264 0.490255 0.258013 0.029 
H2 0.737604 0.545588 0.331512 0.022 
H1a 0.516679 0.324203 0.214568 0.039 
H1b 0.551262 0.29359 0.308953 0.039 
H2a 0.722931 0.428424 0.214145 0.038 
H2b 0.765453 0.314883 0.229112 0.038 
H3a 0.794859 0.345398 0.372461 0.031 
H3b 0.899747 0.415441 0.318881 0.031 
H4a 0.905675 0.56204 0.426176 0.03 
H4b 0.861735 0.46194 0.474274 0.03 
H5a 0.780543 0.589402 0.55697 0.028 
H5b 0.709158 0.645689 0.478926 0.028 
H6a 0.727629 0.419128 0.569054 0.029 
H6b 0.598183 0.450566 0.630085 0.029 
H7a 0.55878 0.329706 0.485335 0.032 
H7b 0.571889 0.28565 0.577287 0.032 
H8a 0.350539 0.334975 0.613091 0.036 
H8b 0.331187 0.294909 0.520205 0.036 
H9 0.196356 0.437277 0.536405 0.035 
H10a 0.370097 0.501265 0.643159 0.036 
H10b 0.266828 0.576209 0.594021 0.036 
H11 0.530035 0.615444 0.612145 0.033 
H12a 0.369625 0.721476 0.542006 0.043 
H12b 0.526214 0.72265 0.499442 0.043 
H13a 0.447682 0.645339 0.384139 0.039 
H13b 0.320171 0.721575 0.405198 0.039 
H14a 0.21106 0.574575 0.368334 0.041 
H14b 0.185161 0.588015 0.466236 0.041 
H15a 0.156791 0.402361 0.38525 0.039 
H15b 0.293672 0.33087 0.400278 0.039 
H16a 0.265015 0.476689 0.272317 0.04 
H16b 0.291937 0.359989 0.259288 0.04 
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Table 4 . Refined Thermal Parameters (U's) for Compound 138 
 
Atom U11 U22 U33 U23 U13 U12 
Ni1 0.0137(2) 0.0144(2) 0.01215(19) -0.00025(18) 0.00154(19) -0.0007(2) 
N1 0.0240(17) 0.0313(18) 0.0165(15) -0.0016(12) -0.0008(15) -0.0052(16) 
N2 0.0160(15) 0.0218(17) 0.0179(14) 0.0015(12) 0.0023(12) -0.0015(13) 
N3 0.0205(15) 0.0179(15) 0.0147(14) -0.0029(13) 0.0002(12) -0.0048(15) 
N4 0.0138(16) 0.0340(19) 0.0176(15) 0.0024(15) 0.0002(12) -0.0028(16) 
C1 0.045(3) 0.026(2) 0.025(2) -0.0075(17) 0.002(2) -0.003(2) 
C2 0.041(3) 0.031(2) 0.023(2) -0.0052(18) 0.007(2) 0.014(2) 
C3 0.024(2) 0.030(2) 0.025(2) 0.0052(18) 0.0039(18) 0.0105(19) 
C4 0.0183(19) 0.032(2) 0.026(2) 0.0049(19) -0.0011(15) -0.006(2) 
C5 0.025(2) 0.021(2) 0.024(2) -0.0007(15) -0.0057(17) -0.0076(17) 
C6 0.026(2) 0.026(2) 0.019(2) 0.0041(15) -0.0023(16) -0.0001(17) 
C7 0.043(2) 0.0167(19) 0.022(2) 0.0062(15) 0.001(2) -0.004(2) 
C8 0.033(3) 0.028(2) 0.029(2) 0.0070(19) 0.004(2) -0.013(2) 
C9 0.021(2) 0.043(3) 0.023(2) 0.0026(19) 0.0086(19) -0.0032(19) 
C10 0.031(2) 0.039(2) 0.0199(19) -0.003(2) 0.0091(18) 0.0091(19) 
C11 0.036(3) 0.024(2) 0.0223(18) -0.0070(15) -0.002(2) 0.004(2) 
C12 0.044(3) 0.021(2) 0.042(3) -0.0035(18) -0.001(2) 0.011(2) 
C13 0.040(3) 0.022(2) 0.035(3) 0.0053(18) -0.003(2) 0.0141(19) 
C14 0.025(2) 0.044(3) 0.032(3) 0.003(2) -0.005(2) 0.012(2) 
C15 0.019(2) 0.047(3) 0.031(2) -0.004(2) -0.0023(18) -0.013(2) 
C16 0.024(2) 0.054(3) 0.021(2) -0.003(2) -0.0049(19) -0.009(2) 
O1 0.064(4) 0.025(3) 0.027(3) -0.002(2) 0.014(3) -0.001(3) 
O1* 0.100(11) 0.023(5) 0.040(7) -0.001(4) -0.022(8) 0.011(7) 
O2 0.0352(15) 0.0323(15) 0.0325(16) 0.0148(13) 0.0011(17) 0.0007(15) 
O3 0.0351(17) 0.0272(16) 0.0362(15) 0.0062(12) 0.0074(13) 0.0069(14) 
N5 0.033(2) 0.0260(19) 0.0272(19) 0.0052(14) -0.0068(16) -0.0026(15) 
O4 0.044(2) 0.054(3) 0.127(4) 0.054(3) 0.028(3) 0.005(2) 
O5 0.042(2) 0.0341(18) 0.071(3) 0.0034(17) 0.013(2) -0.0174(19) 
O6 0.0468(19) 0.0404(19) 0.0328(17) 0.0040(14) 0.0056(17) 0.0101(18) 
N6 0.033(2) 0.035(2) 0.029(2) 0.0082(16) -0.0005(17) -0.0065(18) 
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Table 5 . Bond Distances in Compound 138, Å 
Ni1-N1 1.926(3)  Ni1-N2 1.931(3)  Ni1-N3 1.952(3) 
Ni1-N4 1.938(3)  N1-C1 1.475(6)  N1-C16 1.507(6) 
N2-C3 1.486(5)  N2-C4 1.486(5)  N3-C5 1.482(5) 
N3-C6 1.529(5)  N3-C11 1.502(5)  N4-C9 1.511(5) 
N4-C14 1.539(6)  N4-C15 1.485(5)  C1-C2 1.503(7) 
C2-C3 1.511(6)  C4-C5 1.490(6)  C6-C7 1.527(6) 
C7-C8 1.499(7)  C8-C9 1.523(7)  C9-C10 1.529(6) 
C10-C11 1.532(6)  C11-C12 1.539(6)  C12-C13 1.518(6) 
C13-C14 1.525(7)  C15-C16 1.501(6)  O1-N5 1.309(6) 
O1*-N5 1.228(11)  O2-N5 1.239(4)  O3-N5 1.244(4) 
O4-N6 1.263(5)  O5-N6 1.225(5)  O6-N6 1.265(5) 
 
 
Table 6 . Bond Angles in Compound 138, ° 
N1-Ni1-N2 91.26(15)  N1-Ni1-N3 178.89(15)  N1-Ni1-N4 88.54(15) 
N2-Ni1-N3 87.64(13)  N2-Ni1-N4 178.09(16)  N4-Ni1-N3 92.56(13) 
C1-N1-Ni1 114.2(3)  C1-N1-C16 112.4(3)  C16-N1-Ni1 109.4(3) 
C3-N2-Ni1 116.4(3)  C3-N2-C4 109.9(3)  C4-N2-Ni1 109.8(2) 
C5-N3-Ni1 105.2(2)  C5-N3-C6 108.8(3)  C5-N3-C11 110.8(3) 
C6-N3-Ni1 108.6(2)  C11-N3-Ni1 114.3(2)  C11-N3-C6 109.0(3) 
C9-N4-Ni1 114.7(2)  C9-N4-C14 108.2(3)  C14-N4-Ni1 108.3(3) 
C15-N4-Ni1 104.8(2)  C15-N4-C9 110.8(3)  C15-N4-C14 110.0(3) 
N1-C1-C2 111.5(4)  C1-C2-C3 114.4(4)  N2-C3-C2 111.9(3) 
N2-C4-C5 108.1(3)  N3-C5-C4 109.0(3)  C7-C6-N3 112.8(3) 
C8-C7-C6 116.6(4)  C7-C8-C9 116.4(4)  N4-C9-C8 113.1(4) 
N4-C9-C10 111.2(4)  C8-C9-C10 111.0(4)  C9-C10-C11 116.0(3) 
N3-C11-C10 111.1(3)  N3-C11-C12 113.2(3)  C10-C11-C12 111.5(4) 
C13-C12-C11 116.1(4)  C12-C13-C14 115.4(4)  C13-C14-N4 113.3(3) 
N4-C15-C16 109.1(4)  C15-C16-N1 108.2(3)  O1*-N5-O2 116.2(6) 
O1*-N5-O3 113.0(6)  O2-N5-O1 119.9(4)  O2-N5-O3 121.6(3) 
O3-N5-O1 115.9(4)  O4-N6-O6 119.3(4)  O5-N6-O4 118.0(4) 
O5-N6-O6 122.7(4)       
This report has been created with Olex2 [6], compiled on 2018.05.29 svn.r3508 for OlexSys. 
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X-ray Structure Determination of Compound ent-139 
 
 
 
Compound ent-139, C15H32N6NiO7, crystallizes in the orthorhombic space group 
P212121 (systematic absences h00:  h=odd, 0k0:  k=odd, and 00l:  l=odd) with a=8.3884(3)Å, b=14.9291(5)Å, 
c=16.0540(6)Å, V=2010.46(12)Å3, Z=4, and dcalc=1.543 g/cm3 . X-ray intensity data were collected on a 
Bruker D8QUEST [1] CMOS area detector employing graphite-monochromated Mo-Kα radiation 
(λ=0.71073Å) at a temperature of 100K. Preliminary indexing was performed from a series of twenty-four 
0.5° rotation frames with exposures of 10 seconds. A total of 608 frames were collected with a crystal to 
detector distance of 33.0 mm, rotation widths of 0.5° and exposures of 20 seconds: 
scan type 2θ ω φ χ Frames 
w 0.00 193.69 72.00 54.72 304 
w 0.00 193.69 288.00 54.72 304 
 
Rotation frames were integrated using SAINT [2], producing a listing of unaveraged F2 and σ(F2) values. A 
total of 22228 reflections were measured over the ranges 6.02 ≤ 2θ ≤ 55.034°, -10 ≤ h ≤ 10, -19 ≤ k ≤ 19, -
17 ≤ l ≤ 20 yielding 4599 unique reflections (Rint = 0.0447). The intensity data were corrected for Lorentz 
and polarization effects and for absorption using SADABS [3] (minimum and maximum transmission 0.5641, 
0.7456). The structure was solved by direct methods - ShelXT [4]. Refinement was by full-matrix least 
squares based on F2 using SHELXL-2018 [5]. All reflections were used during refinement. The weighting 
scheme used was w=1/[σ2(Fo2 )+ (0.0177P)2 + 0.9763P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were 
refined anisotropically and hydrogen atoms were refined using a riding model. Refinement converged to 
R1=0.0298 and wR2=0.0627 for 4267 observed reflections for which F > 4σ(F) and R1=0.0346 and 
wR2=0.0646 and GOF =1.072 for all 4599 unique, non-zero reflections and 274 variables. The maximum 
N
N
HN
NH
Ni
2+
2 (NO3)-   +   H2O
 361 
Δ/σ in the final cycle of least squares was 0.001 and the two most prominent peaks in the final difference 
Fourier were +0.43 and -0.48 e/Å3. 
 Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 
equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are in 
Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of the 
molecule with 50% probability thermal ellipsoids displayed. 
 
Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound ent-139 
 
Empirical formula C15H32N6NiO7 
Formula weight 467.17 
Temperature/K 100 
Crystal system orthorhombic 
Space group P212121 
a 8.3884(3)Å 
b 14.9291(5)Å 
c 16.0540(6)Å 
Volume 2010.46(12)Å3 
Z 4 
dcalc 1.543 g/cm3 
μ 1.016 mm-1 
F(000) 992.0 
Crystal size, mm 0.5 × 0.11 × 0.02 
2θ range for data collection     6.02 - 55.034° 
Index ranges -10 ≤ h ≤ 10, -19 ≤ k ≤ 19, -17 ≤ l ≤ 20 
Reflections collected 22228 
Independent reflections 4599[R(int) = 0.0447] 
Data/restraints/parameters 4599/8/274 
Goodness-of-fit on F2 1.072 
Final R indexes [I>=2σ (I)] R1 = 0.0298, wR2 = 0.0627 
Final R indexes [all data] R1 = 0.0346, wR2 = 0.0646 
Largest diff. peak/hole 0.43/-0.48 eÅ-3 
Flack parameter 0.029(7) 
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Table 2 . Refined Positional Parameters for Compound ent-139  
Atom x y z U(eq) 
Ni1 0.49218(4) 0.50797(2) 0.56522(2) 0.01062(9) 
N1 0.4616(3) 0.38520(15) 0.54534(15) 0.0187(6) 
N2 0.5542(3) 0.51962(15) 0.45262(14) 0.0159(5) 
N3 0.4701(3) 0.63572(13) 0.57278(15) 0.0133(5) 
N4 0.4845(3) 0.48570(14) 0.68321(13) 0.0143(4) 
C1 0.5422(4) 0.3598(2) 0.4666(2) 0.0252(8) 
C2 0.5068(5) 0.43704(17) 0.40694(17) 0.0219(6) 
C3 0.5003(4) 0.60880(16) 0.42201(16) 0.0189(5) 
C4 0.5379(4) 0.67285(18) 0.49323(19) 0.0201(7) 
C5 0.2935(3) 0.65680(17) 0.5742(2) 0.0162(6) 
C6 0.1899(4) 0.58091(19) 0.60710(19) 0.0163(6) 
C7 0.2111(4) 0.5569(2) 0.6992(2) 0.0203(6) 
C8 0.3830(4) 0.5522(2) 0.73006(18) 0.0174(6) 
C9 0.4611(4) 0.64562(19) 0.72837(19) 0.0201(7) 
C10 0.5507(4) 0.67347(19) 0.6489(2) 0.0203(7) 
C11 0.7263(4) 0.6474(2) 0.6545(2) 0.0242(7) 
C12 0.7639(4) 0.5471(2) 0.6605(2) 0.0217(7) 
C13 0.6540(4) 0.4900(2) 0.71477(18) 0.0193(6) 
C14 0.4253(4) 0.39088(19) 0.6926(2) 0.0217(7) 
C15 0.4969(5) 0.33468(16) 0.62244(18) 0.0244(7) 
O1 -0.1100(3) 0.62486(15) 0.4369(2) 0.0418(7) 
O2 -0.0962(3) 0.48100(13) 0.43178(15) 0.0247(5) 
O3 0.1149(3) 0.56152(18) 0.40995(15) 0.0295(6) 
N5 -0.0291(3) 0.55690(15) 0.42622(15) 0.0180(5) 
O4 -0.0928(13) 0.3408(5) 0.6302(5) 0.0362(18) 
O4* -0.052(3) 0.3633(11) 0.6490(12) 0.049(5) 
O5 -0.1385(4) 0.28382(19) 0.75106(16) 0.0442(8) 
O6 0.0985(4) 0.2706(2) 0.6948(2) 0.0519(8) 
N6 -0.0404(4) 0.30017(17) 0.69519(19) 0.0273(7) 
O7 0.1342(3) 0.36123(15) 0.50509(15) 0.0252(5) 
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Table 3 . Positional Parameters for Hydrogens in Compound ent-139  
Atom x y z U(eq) 
H1 0.344831 0.37741 0.534996 0.022 
H2 0.67334 0.52108 0.452298 0.019 
H1a 0.499058 0.30274 0.444763 0.03 
H1b 0.658477 0.35312 0.475313 0.03 
H2a 0.56936 0.430685 0.354976 0.026 
H2b 0.392062 0.43868 0.392631 0.026 
H3a 0.384586 0.608301 0.409833 0.023 
H3b 0.558738 0.626062 0.3709 0.023 
H4a 0.654766 0.680068 0.498671 0.024 
H4b 0.490849 0.73237 0.481641 0.024 
H5a 0.258755 0.671661 0.516901 0.019 
H5b 0.276123 0.71048 0.609226 0.019 
H6a 0.21206 0.526682 0.573535 0.02 
H6b 0.076883 0.597146 0.59787 0.02 
H7a 0.153369 0.601878 0.733054 0.024 
H7b 0.159986 0.498135 0.709278 0.024 
H8 0.379637 0.532363 0.789524 0.021 
H9a 0.376675 0.690581 0.738788 0.024 
H9b 0.536902 0.649052 0.77553 0.024 
H10 0.545412 0.740244 0.644879 0.024 
H11a 0.772562 0.677381 0.703969 0.029 
H11b 0.781545 0.671598 0.604893 0.029 
H12a 0.762426 0.522002 0.603458 0.026 
H12b 0.873875 0.540587 0.682013 0.026 
H13a 0.697458 0.428443 0.717706 0.023 
H13b 0.65349 0.514774 0.771972 0.023 
H14a 0.307424 0.389537 0.689344 0.026 
H14b 0.457958 0.366466 0.747304 0.026 
H15a 0.613333 0.327734 0.630075 0.029 
H15b 0.447321 0.27452 0.620674 0.029 
H7c 0.076768 0.39424 0.472053 0.038 
H7d 0.075035 0.353912 0.549094 0.038 
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Table 4 . Refined Thermal Parameters (U's) for Compound ent-139  
Atom U11 U22 U33 U23 U13 U12 
Ni1 0.01276(16) 0.00901(13) 0.01009(14) 0.00068(12) 0.00028(16) 0.00052(14) 
N1 0.0236(16) 0.0134(10) 0.0192(12) 0.0001(9) -0.0019(11) 0.0023(9) 
N2 0.0149(12) 0.0197(11) 0.0132(11) 0.0007(9) 0.0007(9) 0.0012(9) 
N3 0.0126(13) 0.0103(8) 0.0170(11) 0.0010(8) 0.0013(11) -0.0014(8) 
N4 0.0145(12) 0.0156(9) 0.0126(9) 0.0019(8) 0.0014(10) 0.0010(11) 
C1 0.033(2) 0.0184(13) 0.0246(15) -0.0083(12) 0.0015(15) 0.0061(12) 
C2 0.0242(16) 0.0265(13) 0.0152(12) -0.0079(10) 0.0009(15) 0.0022(17) 
C3 0.0162(14) 0.0243(12) 0.0163(13) 0.0082(10) 0.0020(16) -0.0006(15) 
C4 0.020(2) 0.0149(12) 0.0252(15) 0.0084(11) 0.0023(13) -0.0037(12) 
C5 0.0137(14) 0.0151(12) 0.0198(15) 0.0012(12) -0.0014(13) 0.0041(10) 
C6 0.0102(14) 0.0224(14) 0.0162(15) 0.0012(12) 0.0014(12) 0.0020(11) 
C7 0.0153(16) 0.0283(16) 0.0172(15) 0.0030(13) 0.0034(13) 0.0027(13) 
C8 0.0156(15) 0.0256(15) 0.0111(13) -0.0008(11) 0.0015(12) 0.0055(12) 
C9 0.0201(19) 0.0224(14) 0.0179(14) -0.0067(11) -0.0036(13) 0.0045(12) 
C10 0.0225(18) 0.0126(12) 0.0257(16) -0.0065(11) -0.0047(14) -0.0023(11) 
C11 0.0179(18) 0.0271(16) 0.0275(17) -0.0017(14) -0.0065(14) -0.0057(13) 
C12 0.0133(16) 0.0325(17) 0.0192(16) 0.0016(14) -0.0035(13) 0.0003(13) 
C13 0.0168(14) 0.0266(15) 0.0145(13) 0.0013(12) -0.0031(11) 0.0072(13) 
C14 0.0270(18) 0.0171(14) 0.0210(15) 0.0101(12) -0.0006(14) -0.0023(12) 
C15 0.0348(19) 0.0127(11) 0.0256(15) 0.0058(10) -0.004(2) 0.0019(17) 
O1 0.0303(14) 0.0220(11) 0.073(2) -0.0044(14) 0.0038(17) 0.0064(10) 
O2 0.0221(11) 0.0201(10) 0.0319(12) 0.0045(10) -0.0042(11) -0.0042(8) 
O3 0.0129(12) 0.0517(15) 0.0239(12) -0.0085(11) 0.0028(10) -0.0066(11) 
N5 0.0167(14) 0.0239(10) 0.0134(11) -0.0019(9) 0.0001(11) -0.0016(10) 
O4 0.035(5) 0.044(4) 0.030(3) 0.011(3) 0.005(2) 0.019(3) 
O4* 0.052(13) 0.030(7) 0.066(12) 0.022(7) 0.033(8) 0.014(6) 
O5 0.059(2) 0.0483(16) 0.0257(14) -0.0018(12) 0.0071(14) -0.0299(15) 
O6 0.040(2) 0.072(2) 0.0431(18) 0.0119(17) -0.0180(16) 0.0001(16) 
N6 0.038(2) 0.0192(12) 0.0248(14) -0.0031(11) -0.0024(14) -0.0105(12) 
O7 0.0233(14) 0.0223(11) 0.0299(13) 0.0054(10) -0.0022(11) -0.0009(10) 
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Table 5 . Bond Distances in Compound ent-139, Å 
Ni1-N1 1.878(2)  Ni1-N2 1.889(2)  Ni1-N3 1.920(2) 
Ni1-N4 1.924(2)  N1-C1 1.483(4)  N1-C15 1.479(4) 
N2-C2 1.488(3)  N2-C3 1.489(3)  N3-C4 1.504(4) 
N3-C5 1.514(4)  N3-C10 1.506(4)  N4-C8 1.509(4) 
N4-C13 1.511(4)  N4-C14 1.508(4)  C1-C2 1.529(4) 
C3-C4 1.524(4)  C5-C6 1.523(4)  C6-C7 1.532(4) 
C7-C8 1.527(4)  C8-C9 1.541(4)  C9-C10 1.538(4) 
C10-C11 1.526(5)  C11-C12 1.533(4)  C12-C13 1.528(4) 
C14-C15 1.527(4)  O1-N5 1.233(3)  O2-N5 1.269(3) 
O3-N5 1.238(4)  O4-N6 1.284(9)  O4*-N6 1.203(17) 
O5-N6 1.242(4)  O6-N6 1.246(5)    
 
 
 
Table 6 . Bond Angles in Compound ent-139, ° 
N1-Ni1-N2 87.98(10)  N1-Ni1-N3 165.23(11)  N1-Ni1-N4 89.66(10) 
N2-Ni1-N3 89.74(10)  N2-Ni1-N4 165.27(11)  N3-Ni1-N4 96.10(9) 
C1-N1-Ni1 109.40(19)  C15-N1-Ni1 109.15(18)  C15-N1-C1 119.4(2) 
C2-N2-Ni1 108.77(18)  C2-N2-C3 119.8(2)  C3-N2-Ni1 108.34(17) 
C4-N3-Ni1 106.02(17)  C4-N3-C5 107.8(2)  C4-N3-C10 112.4(2) 
C5-N3-Ni1 107.55(16)  C10-N3-Ni1 112.31(17)  C10-N3-C5 110.4(2) 
C8-N4-Ni1 113.32(16)  C8-N4-C13 109.6(2)  C13-N4-Ni1 106.93(17) 
C14-N4-Ni1 105.75(17)  C14-N4-C8 112.5(2)  C14-N4-C13 108.5(2) 
N1-C1-C2 104.6(2)  N2-C2-C1 105.3(2)  N2-C3-C4 104.5(2) 
N3-C4-C3 109.1(2)  N3-C5-C6 114.1(2)  C5-C6-C7 116.3(3) 
C8-C7-C6 115.7(3)  N4-C8-C7 113.7(2)  N4-C8-C9 110.3(2) 
C7-C8-C9 110.7(3)  C10-C9-C8 117.8(2)  N3-C10-C9 110.6(2) 
N3-C10-C11 112.7(3)  C11-C10-C9 110.7(3)  C10-C11-C12 116.8(3) 
C13-C12-C11 117.2(3)  N4-C13-C12 113.6(2)  N4-C14-C15 108.2(2) 
N1-C15-C14 104.9(2)  O1-N5-O2 118.7(2)  O1-N5-O3 121.4(3) 
O3-N5-O2 119.9(3)  O4*-N6-O5 123.2(12)  O4*-N6-O6 110.3(12) 
O5-N6-O4 116.9(6)  O5-N6-O6 123.7(3)  O6-N6-O4 118.9(6) 
 
This report has been created with Olex2 [6], compiled on 2018.05.29 svn.r3508 for OlexSys. 
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